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Abstract 
Renewable and clean energy are safe sources for powering the world of the future. 
Transportation sector driven by fossil fuels produces between 15 to 20 % of the greenhouse 
gas emissions worldwide. Those emissions are threatening to all forms of life and the 
environment. To mitigate the pollution from fossil fuel, new high energy density storage 
systems must be developed, and existing ones must be improved. This research focused on 
compressed air energy storage systems. Because air is an important source of energy, it is one 
of the most abundant substances on earth, and it is freely available. Its effective use as a clean 
energy source can significantly contribute to solving the problem of pollution on the planet.   
The commonly used cylindrical reservoir plays only the role of storing and releasing 
compressed air to work in a pneumatic network. The performance of this medium relies heavily 
on its volume, material of construction, and the capacity of the compressor that charges it. In 
this dissertation, that medium is referred to as the static reservoir. In this work, a thought about 
a new mechanism that can provide better performance when it comes to storing and releasing 
the compressed air energy was considered. That mechanism is the dynamic reservoir, a 
compressed air cylinder fitted with a piston, and a spring of a specific stiffness.  
The research was conducted to investigate whether the dynamic reservoir had some advantages 
over the static reservoir when considering the charging and the discharging of compressed air. 
Given the same volumetric capacity, subjected to the same experimental configurations and 
conditions, it was found that the pressure, density, and temperature in the dynamic reservoir 
rose faster than in the static reservoir during the charging process. The mass flowrate, however, 
was higher for the static reservoir during this same process. The experimental results also 
showed that, during the discharging process, the dynamic reservoir released the pressure, 
density, and mass flowrate steadily, from the start to the end of the process with minimal 
magnitude drop, a performance that was not observed from the static reservoir. A comparison 
between dynamic reservoirs with different spring rates was also made to provide more 
understanding of how different spring stiffnesses will affect the performance of a reservoir.  
The findings showed that the dynamic reservoir used 15.1 % of its volume compared to 100 % 
for the static reservoir, that is volumetric efficiency. It took 240 seconds to reach 4.9 bar in the 
static reservoir, but only 119 seconds was needed for the dynamic reservoir, which is 50 % of 
time difference. The evaluation of performances showed the potential of the dynamic reservoir. 
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1. Chapter 1: Introduction 
In the near future, the world’s transportation system should be powered by less-pollutant or 
completely non-pollutant energy sources. The rationale behind that move is the protection of 
the planet and all forms of life within it. Many renewable energy sources are being explored 
for use in the personal transportation sector. But those technologies are less popular because of 
their infancy state, as well as the cost associated with their use. Solar energy, compressed air, 
hydrogen, electric battery, etc. are few examples of the clean and renewable energy sources 
that are prominent for powering the transportation of the future  (Ellanbban, et al., 2014).  
Engineers should keep up with the development of the prominent alternative sources of energy 
by finding and designing efficient ways of harnessing and storing. This research intended to 
contribute to the universal body of knowledge by investigating the potential of a new 
compressed air energy storage system. This work focused on compressed air reservoir that can 
be used in the air-powered applications. The investigation analyses the performance of two 
types of compressed air reservoirs, and the potential benefit of using the one which this research 
was proposing. Figure 1.1 shows an example of a modern compressed air car. One of the known 
hindrances of this vehicle using compressed air technology is the inability to travel a long 
distance. That is due to the limitation in energy storage and a few other affecting factors.   
 
 
 
 
 
 
 
 
 
 
 
Knowing the significance of the energy storage density, this investigatory research attempted 
to show that the dynamic reservoir has some advantages over the static reservoir when 
considering the charging and the discharging of compressed air. This preliminary study re-
enforced the understanding of the potential of compressed air as a reliable source of power, 
especially when efficiently stored and wisely utilised in pneumatic applications.  
Figure 1.1: AirPod (Blain, 2009) 
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1.1. Research Problem Statement 
The earth’s atmosphere is being polluted at a massive pace. The transportation sector produces 
between 15 to 20 % of greenhouse gas emissions (Intergovermental Panel on Climat Change, 
2014). These two related facts raise concerns about the future of the planet. But automobiles 
are becoming less-pollutant by using clean energy sources because innovative solutions are 
being proposed, and technologies are being developed. The compressed air energy is one of 
the plausible solutions, considering the fact that air is readily available. However, the existing 
compressed air vehicles have two major problems. The first problem is related to the maximum 
distance the vehicle can travel when its energy reservoir is filled to maximum capacity. The 
second problem is related to the maximum speed that the vehicle can attain. The first problem 
comes from the significant dependence of the compressed air car to its energy storage system. 
The second problem comes from the vehicle’s engine lacking in power. In ideal conditions, 
with 175 litres of compressed air at 350 bars, according to the manufacturer, the AIRPOD 
(Figure 1.1) can travel a distance of 220 km and reach a maximum speed of 70 km/h (Blain, 
2009). The ideal conditions could be no hills, no stopping or significant slowdown, no 
overloading, perfect road, perfect weather, and so on. When these conditions are not met, the 
performance of the AIRPOD can decline considerably. It must be said that a vehicle capable 
of performing only when the above conditions are met cannot be reliable. The problem 
associated with the energy storage density of compressed air is what this work attempted to 
solve. By solving the problem of the energy storage mechanism, compressed air can become a 
reliable replacement for fossil fuels in transportation and other pneumatic applications.  
1.2. Research Questions 
In consideration of the ever-involving technologies, as far as problem-solving is concerned, it 
is wiser to investigate the effectiveness of an idea before it can be classified as a solution to an 
existing problem. In the context of the compressed air car reservoirs, this study was built on 
the hypothesis that effective storage of large quantity of air at high pressure, in a relatively 
lightweight and small volume reservoir, capable of solving the currently faced problem was 
achievable. Subsequently, the following questions became the subject of the investigation:  
• Is it possible to develop a storage system that can perform better than a conventional 
compressed air storage system?  
• Is it possible to analyse the performance of the newly proposed compressed air reservoir 
experimentally and numerically? 
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• Is it possible to develop a compressed air reservoir capable of performing better, as 
compared to the conventional system, making use of the available manufacturing 
technics with respect to the limit in the strength of available materials? 
• Suppose the hypothesis of a better compressed air storage system is validated, can the 
technology be extended for use in pneumatic areas other than the vehicle industries?  
1.3. Research Hypotheses 
In this section, the hypotheses of the research are explained to support the research questions 
and objectives. This project aimed to investigate a new method for storing compressed air 
energy. The current compressed air reservoirs, which are nothing more but static and strong air 
containers, are widely used in the pneumatic industry. A compressed air container or tank only 
plays the role of receiving and releasing the stored energy. This work was proposing to 
investigate the effect of a piston and a spring on the storage of compressed air. This section 
explains in detail what is meant by the static and dynamic reservoir.  
A static compressed air reservoir is an air receiver, an air container, or an air tank figure 1.2. 
Its purpose is to store high pressure air. The stored air is later released for use when needed. 
For good performance, all types of storage depend mainly on the strength of the material used 
in manufacturing the reservoir. In the literature, these are known as high pressure vessels. They 
can be of a thin or thick wall. The important parameters to consider when it comes to 
investigating the performance of these mechanisms are the pressure, density, mass flow, etc.  
Figure 1.2: Static Reservoir (Autodesk Inventor Generated) 
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This project is concerned with two configurations. Firstly, when the reservoir is being filled 
with compressed air and secondly when the air is being released to do mechanical work. In the 
instance when air enters the reservoir, what is needed is a compressor and a strong pressure 
vessel that will withstand high pressure and a large volume of air. Figure 1.2 shows a typical 
static reservoir. It is simply a pressure vessel fitted with an air inlet and outlet ports. When 
compressed air is being released from the static reservoir to perform work, the pressure and the 
mass flowrate of the air will typically follow the trend shown in figure 1.3. The pressure and 
the flow proportionally decrease as the density of compressed air inside the reservoir decreases.   
The work performed by the outcoming compressed air drops when the pressure and the 
flowrate drop. Figure 1.3 illustrates the effect of the air flow within a reservoir on the 
performance of a compressed air system. The flow cannot be steady, and that is why there is 
an inevitable gradual drop in performance. This can be solved if a dynamic reservoir is used 
instead of a static reservoir. This statement is the foundation of the hypothesis of this research. 
A dynamic reservoir is, first of all, a compressed air energy storage mechanism. The dynamic 
reservoir is a concept of a storage chamber fitted with a piston and a spring. The piston and the 
spring move. When the pressure of compressed air starts to increase inside of the reservoir, the 
piston starts to experience a force, that force acts on the spring causing it to start compressing. 
As the spring starts to deform, the piston and the spring begin to move, creating space for the 
compressed air to fill the reservoir. The dynamic reservoir owes its name to that internal 
movement, while the static reservoir owes its name to the lack of moving part inside of it.   
Figure 1.3: Natural performance curve of static reservoir (Diagram, 2019) 
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When a force is perpendicularly applied to the plane of a close-coiled helical spring, the 
deflection of that spring (Eq. 1) will cause mechanical energy to be stored in the spring under 
the form of strain energy (Eq. 2). When the applied force is removed, the strain energy stored 
will be released causing the spring to go back to its initial position. The pressure is a ratio 
between applied force and area (Eq. 3). If inside a compressed air reservoir, the pressure of the 
air acts upon a piston that sits on top of a spring, as the spring deflects under the force produced 
by the pressure acting upon an area, energy will be stored in the compressed air and the spring.    
𝛿 =
8𝐹𝐷3𝑛
𝐺𝑑4
         Equation 1.1 
𝑈 =
1
2
𝐹𝛿          Equation 1.2  
𝐹 = 𝑝 × 𝐴         Equation 1.3 
This implies that more pressure and mass will be required to drive back the piston and to deflect 
the spring. In terms of pressure and mass flowrate, this method promises to provide more 
storage capacity than a static reservoir. Figure 1.4 provides an illustration of the dynamic 
reservoir. The dynamic reservoir was hypothetically thought to have the potential of providing 
better storage. Because the more energy stored, the better the performance of a compressed air 
application. That means the improvement of the range of travel of a compressed air vehicle. 
Figure 1.4: Dynamic Reservoir (Autodesk Inventor Generated) 
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The dynamic reservoir will provide a better output flowrate compare to the static reservoir. 
That is because the pressure inside the reservoir will not drop significantly as it does in the 
static reservoir. When compressed air is being released from the reservoir, the strain energy in 
the spring will act on the piston causing it to push the air out. By this mechanism, the pressure 
and the mass flowrate of the outcoming compressed air will remain almost constant.  
Figure 1.5 shows the predicted trend of the compressed air pressure as well as the mass flowrate 
coming out of the dynamic reservoir. The pressure drops slowly as the mass of air inside the 
cylinder is pushed out by the piston. When the flowrate becomes zero, the pressure within the 
reservoir is significantly higher than the atmospheric pressure. That is possible because of the 
introduction of the piston and the spring inside the compressed air reservoir. 
The graph in figure 1.5 was made to simply illustrate the assumption behind this study. In this 
work, an experimental investigation was conducted to analyse the performance of the dynamic 
reservoir. This graph shows pressure versus flowrate, but actual results show pressure and time.   
1.4. Research Objectives 
This project aimed to investigate the performance of a newly developed method for storing 
compressed air energy in terms of pressure, density, mass flow, and temperature. However, to 
achieve this aim, the study had listed the objectives as follows. 
The following points summarise the objectives of this research:  
Figure 1.5: Predicted compressed air flow trend for dynamic reservoir 
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1. To carry out a comparative analysis between the dynamic reservoir and conventional 
static reservoir, and to further determine their performance capacity in the storage of 
compressed air in terms of pressure variations through experiments and simulations.  
2. To show that a dynamic reservoir provides a better volumetric efficiency when 
compared to a static reservoir given the same initial storage capacity.   
3. To determine, using experiment and simulation, the proficiency of the dynamic 
reservoir in releasing the stored compressed air with minimal pressure drop and with a 
steady mass flow rate until the reservoir discharged completely during operation. 
1.5. Significance of the Research  
The following points provide an understanding of the significance of this research:  
1. In terms of the universal body of knowledge, this research project contributed to the 
way of combining two energy storage systems (Compressed air reservoir and springs 
energy storage system) to produce a more efficient system and opened a research door.  
2. The results from this work could be utilised for the development of mathematical 
models that help to predict the trends of compressed air when stored in a dynamic 
reservoir fitted with a piston of a specific size and a spring of a specific stiffness. 
3. Compressed air applications equipped with effective energy storage technology could 
help moderate the use of fossil fuel, which is a large source of greenhouse gas emission.  
4. Air is the second most abundant substance on earth after water, using it as fuel to power 
transportation systems will cost very little compare to the fossil fuels or the electric cars 
which use chemical batteries. This work encourages the use of compressed air. 
5. Apart from being developed for transportation systems, the compressed air dynamic 
reservoir could be utilised in other applications such as mechanical systems which 
cannot be permanently plugged to the energy source, or systems needing air receivers. 
There are positive impacts that this research can have on the world. The negative effect of air 
pollution could be mitigated, which is going to result in an improvement in the condition of 
people, animals, and the environment. Especially in continents where in some countries, air 
pollution is already a major problem. Modern compressed air cars have a limited travel range 
of about 200 to 350 km (Anon., 2018). On the other hand, electric cars can travel up to 600 km 
(Tesla Incorporated, n.d.), that is because of the energy storage density. If the dynamic reservoir 
is developed for practical applications, it has the potential to impact the world positively.  
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1.6. Research Methodology 
This section gives an overview of the research methodology that was developed for the project. 
Chapter 3 provides the extended version of this overview. In this work, a performance 
evaluation of two compressed air storage systems was conducted. The performance of the static 
reservoir was evaluated experimentally. The dynamic reservoir was modelled and used on a 
computer simulation. The experiment with the static reservoir was conducted first and provided 
data that was utilised as a reference for the simulation with the dynamic reservoir. Considering 
the problem that this work attempted to solve and the research objectives, the methodology 
adopted can be summarised as follows: 
1. The physical experiment was conducted with the static reservoir. The experimental 
conditions, parameters, and results were recorded. A simulation model, as well as models 
of the static and dynamic reservoir, were developed using MATLAB/Simulink/Simscape. 
2. The developed model of the static reservoir was used within MATLAB to simulate and 
compare the results to those obtained experimentally. Fine-tuning of the parameters of the 
simulation model was done until the results obtained during the physical experiment were 
reasonably close to that from the physical experiment. The simulation result was recorded. 
3. The static reservoir was substituted with the dynamic reservoir on the simulation model 
without altering any configuration, setting parameters, or conditions of the existing model. 
The simulation was run, and results recorded. The spring rate of the dynamic reservoir was 
varied to study the effect on the performance. 
4. All results were organised to compare the performances of the static and dynamic reservoir. 
The parameters of interest were the pressure, density, mass flowrate, temperature, and 
spring force and spring deflection inside of the reservoirs with respect to time.  
5. Analyse the results by comparing the performance of static and dynamic reservoir to each 
parameter of interest. Then conclude based on the observation of the results. 
1.7. Delimitation 
The major consideration in this research project included the thermodynamics, the fluid 
mechanics and the computer modelling for a pneumatic systems for the charging and 
discharging process of the static and dynamics reservoir. The static reservoir was assessed 
experimentally as well as in a simulation. The dynamic reservoir was assessed only in the 
simulation environment, after the simulation model was validated. The pressure, density, 
temperature, mass flowrate, spring force and spring deflection were the parameters of interest.  
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1.8. Structure of the Dissertation 
 
This dissertation starts with an introductory section, chapter 1, under which the research 
background, questions, hypotheses, objectives, and significance are stated. An important 
foundation that, systematically, guided this research project from the start until the end.  
Chapter 2 covers the literature review, which is unexhaustive but inclusive. It supports the 
objectives of the research by highlighting what has been done by other scholars and what this 
research was aiming at. This section has attempted to include an important aspect of the matter 
related to compressed air storage and usage. Utility scale compressed air technology is reported 
as well as the hybrid ICE-compressed air method for motor vehicles.  
Chapter 3 has presented the complete methodology and approach that was utilized in this 
research project.  The steps followed during the experiments and simulations are listed. The 
content of this chapter presents the two reservoirs that were investigated, namely the static and 
the dynamic. The constituents and configurations of those two distinct reservoirs are also 
presented. The materials/apparatus that made this research project possible are shown.   
Under chapter 4, all results have been presented. The results of the experimental investigation 
are presented first. Those results are then utilized as references for the simulation. The main 
objective of the research was to investigate the performance of the static and the dynamic 
reservoir. Chapter 4 deals with the experimental and simulation results.  
Chapter 5 discusses the results and highlights the research findings. The performance 
comparison between the static and dynamic reservoir, with respect to the research objectives, 
are extensively discussed and methodically presented in this section.  
In chapter 6, the dissertation conclusion is drawn, and recommendations are made. The 
importance of this work as far as the findings are concerned are pointed out and the contribution 
to the universal body of knowledge is highlighted. In this chapter, indications have been made 
with respect to the study needed for further understanding of the dynamic reservoir. The 
dissertation ends with a list of references which is followed by the appendices A, B, and C.  
1.9. Contribution of the Dissertation 
This work is considered excellent. The assessors of this master's dissertation described it saying 
that it has excellently contributed to the universal body of knowledge.    
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2. Chapter 2: Literature review 
2.1. Introduction 
This literature review summarises the findings reported in the consulted scientific materials, 
which were related to compressed air energy storage. It serves to create a link between existing 
work and the subject of this study. As it was specified under the objectives section, this research 
aimed to show that the dynamic reservoir will store a larger amount of energy at much higher 
pressure compared to the conventional static reservoir, given the same storage capacity, and it 
will allow a better performance of pneumatic systems. The study also aimed to show that the 
dynamic reservoir will release the compressed air at nearly constant pressure and mass flowrate 
until the reservoir is empty. This literature review though unexhaustive was made inclusive. 
Before compressed air energy storage could be discussed in detail, it was important to discuss 
energy in general and renewable energy.  
2.2. Energy 
It takes energy transfer to run any mechanical system. Therefore, understanding the concept of 
energy and power is important before renewable and compressed air energy can be discussed.  
Consider a moving object that is doing work. The activity of displacement effectuated by the 
object requires energy. In other words, energy can be considered as the work done. Energy is 
that which can be converted from one form to another for a specific work to be done. On the 
other hand, Power is the rate at which a specific amount of energy is used or produced.  
Energy is generally listed as potential or kinetic. The potential energy is stored in particles 
because of their relative positions. For example, the energy stored in a deflected spring, the 
energy available in a mass that is raised to a certain elevation above the surface of the earth or 
the energy stored in fossil fuels. The kinetic energy can be defined as that energy which is 
stored in a moving mass. For example, a flywheel or a moving planet (Nelson, 2011).  
Other states of energy are Chemical, Thermal, Electrical, Nuclear, Biological, Magnetic, 
Geothermal, and Mechanical, etc. These energies can be converted to one or more forms, and 
they can be stored. Most forms of energies are converted to Electricity. It should be noted that 
the sun, the wind, the hydro, the biomass, the waves, the tides, and the geothermal are referred 
to as renewable and sustainable energy sources. For as long as the sun shines, sustainable and 
clean energy will be collected from its radiation (Nelson, 2011, pp. 3-4).  
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The energy industry is considered the most important of the 21st century. Energy demand grows 
proportionally with the growth of the human population and industries. For example, between 
2001 and 2011, the electric power demand in India grew from 30000 MW to 120000MW. Out 
of the total energy demand in 2011, about 80 % was met from the use of fossil fuels and only 
13.5 % was met by renewable energy worldwide (Chakrabarti, 2011, pp. 1-3). Despite all that, 
it is becoming more apparent that renewable energy has the potential to power the world of the 
future if it can be efficiently harnessed and utilized or stored.  
2.3. Energy Storage 
Energy is always produced for consumption. When it is not immediately consumed, it must be 
stored, otherwise, it dissipates in nature. This dissipation of produced energy means a waste of 
resources used for producing energy in the first place. That is one of the reasons why it is 
important to develop a storage system. Because using energy storage technology limits the 
waste of resources, especially when production exceeds the demand. Energy can be stored 
following different methods depending on its nature. The storage that represents the interest of 
this research project is the compressed air (Meng , et al., 2017).  
In the case of autonomous bodies, such as applications where the technology or system using 
the energy cannot be permanently plugged to the supply source, an efficient and reliable energy 
storage system is often necessary. For example, a compressed air car, a Hydrogen car, or an 
electric (battery) car and hand tool. These systems require efficient storage technologies for 
their overall performance to reach a good score for satisfaction index (Karakaya, 2017).   
Energy cannot be created or destroyed but can be transformed from one form to another. Thus, 
there are three forms of energy storage which are; the kinetic, the potential, and the combination 
of the two. Whether it is potential, kinetic, or a combination, the most common energy storage 
systems are classified as electrochemical, mechanical, electrical, and thermal (Meng , et al., 
2017).  Figure 2.1 shows a chart of energy storage types, and where compressed air falls.  
 
Figure 2.1: Chart of the main energy storage system types (Meng , et al., 2017) 
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The energy storage system is one solution to facilitate the integration of renewable energy 
sources by storing or releasing energy in response to the demands. A large-scale energy storage 
system can replace the spinning reserve capacity of conventional generators. Consequently, 
reducing the emission of greenhouse gases (Meng , et al., 2017). Different types of energy 
storage systems for different applications are shown in figure 2.1.  
Table 2.1 shows the advantages and disadvantages of different types of storage. Efficient 
storage is identified in consideration of the criteria such as energy density, efficiency, and rate 
of charge/discharge, duration a lifetime ( or the number of cycles), size and weight as well as 
the economic. Liquid fuels have large energy densities, while hydrogen gas and air have low 
energy density. In general, storage efficiencies range from 50-80% for gaseous substance 
(Nelson, 2011).  
Table 2.1: Advantages and disadvantages of different storage technologies 
(Nelson, 2011, p. 276) 
General relative rating of storage technologies 
Type Advantage Disadvantage 
Pumped hydro High capacity Site requirement 
Compressed air High capacity 
Site or strong material 
requirement 
Flywheels High power Low energy density 
Superconductor magnetic High power Low energy density 
Capacitors 
Large number of cycles & high 
efficiency 
Low energy density 
Batteries     
  
Flow High capacity Low energy density 
Metal-air High energy density Charging difficulties 
Pb-acid   
Limited life when 
discharged 
Li-ion, Ni-Cd, Na-S High power, energy density   
Hydrogen   Low energy density 
The storage requirements for high power in a short time are different from the energy storage 
requirements for a couple of days. One of the best alternatives to fossil fuel powered cars can 
be the compressed air car. Because the compressed air system has a long-life span and many 
cycles, depending on application (Nelson, 2011, pp. 275-279).
 
13 
 
By Kabinga R.K.N. Copyright © University of Johannesburg, South Africa  
2.4. Compressed Air Energy 
Compressed air is a result of the work done by mechanical energy that compresses the gas by 
raising its pressure above the atmospheric. That means above “1 atm, which is 101.3 kPa” 
considering the standard sea level. Compressed air is an important medium for storing and 
transferring energy in industrial processes for powering various systems. When talking about 
utilities, electricity, natural gas, and water quickly come to mind, however, compressed air is 
often referred to as the fourth utility. It has many energy savings and environmental benefits. 
Figure 2.2 depicts a compressed air hand tool system. Nowadays, businesses are finding that 
compressed air is a true source of innovative solutions. Its power is utilised in numerous 
applications, compressed air is vital energy for industries around the globe (CAGI , 2016). 
A compressed air system, as can be seen in figure 2.2 consists of the following main 
components: compressor, air dryer, air storage tank (reservoir), pipelines (flow distribution 
lines), air filter, regulator, lubricator and air tool. Every single component of the system plays 
a role. But only three components namely, compressor, air storage tank, and air tool are of 
interest to this research project. Therefore, the next section focuses on air compressors and air 
compression. The air tool will be discussed in a subsection dedicated to the compressed air 
energy storage and application. 
Figure 2.2: Hand tool powered by compressed air (Gison , 2019) 
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2.4.1. Air Compressors 
In a discussion regarding the compressed air system, it is important to mention the role that a 
compressor plays in such a system. A compressor is a mechanical device that increases the 
pressure of a compressible fluid by reducing the volume that the fluid occupies (Klenck, 2015). 
Compressors come in numerous forms; their configurations are based on the type of application 
that they will be used for. The use of compressors goes from individual to professional utility. 
For comparison, the different types of compressors can be subdivided into two broad groups 
based on the compression mode, either intermittent or continuous. Compressors using the 
intermittent compression mode are referred to as positive displacement compressors, of which 
there are two distinct types: reciprocating and rotary. Continuous mode compressors are also 
characterized by two fundamental types: dynamic and ejector. Figure 2.3 shows a chart of 
compressor types. It is only after going through the compressor that compressed air becomes 
an energy source, thus needing to be effectively stored in an efficient storage reservoir. 
Figure 2.3: Compressor types (Klenck, 2015) 
2.4.2. Air Compression 
Air is usually taken as being to all intents and purposes a permanent real gas, and as having all 
the physical properties of such. What is of much greater importance than the composition of 
the air is the fact that it is never used in compressed air operations quite dry, but always contains 
a greater or less quantity of suspended moisture (Propplewell, 1905). For this research, air will 
be considered as a permanent real gas and dry.  
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Considering one of several methods of compression based on compressor type, an air 
compressor, theoretically, compresses air following two processes, isothermal and adiabatic 
(or isentropic). Based on real gas compression theory, the work done on air following the 
adiabatic process is more than that of the isothermal process. But in practice, isothermal 
compression is difficult to achieve. That is the reason why compression of air is usually done 
polytropically or up to some extent adiabatically. Figure 2.4 shows the polytropic curve that 
lies just between the other two processes i.e., adiabatic and isothermal compression curves.  
 
 
 
 
 
 
 
 
 
Figure 2.4: Pressure vs Volume graph of gas compression processes 
The polytropic work done on air is represented by the area under the polytropic curve in figure 
2.4, and that work is given by the following equation: 
𝑊 =
𝑝1𝑉1−𝑝2𝑉2
𝑛−1
=
𝑚𝑅(𝑇1−𝑇2)
𝑛−1
                         Equation 2.1 
Another important thermodynamic property that is used for modifying the ideal gas law to 
account for the real gas behaviour is the compressibility factor (Z), also known as the 
compression factor. This is a correction factor which describes the deviation of a real gas from 
ideal gas behaviour (Royce, 2005). When introduced into the equation of state, that well-known 
equation becomes: 
𝑝𝑉 = 𝑍𝑚𝑅𝑇                  Equation 2.2 
In general, deviation from ideal gas behaviour becomes more significant the closer a gas is to 
a phase change, the lower the temperature or the larger the pressure. And this compressibility 
factor varies with pressure and temperature of the real gas under compression. 
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2.5. Compressed Air Energy Storage 
This part is one of the most important of the literature review. It is directly addressing the focus 
of this research project, which is the investigation of ways of efficiently storing compressed air 
in a vessel that can be reliably used in applications such as compressed air cars. How can a 
large amount of air at high pressure be efficiently and safely stored in a relatively light and 
small volume tank? This is the question. Many other scholars have come up with solutions. 
However, continuous improvement is necessary for the quest to making compressed air storage 
a reliable method for storing energy.   
Compressed air reservoirs are essential mechanisms for any compressed air system. They serve 
as energy storage tanks in some applications and temporary storage tanks in other applications 
to allow an efficient performance of systems. Considering the immense pressure of air that 
reservoirs must contain and the tasks they perform, they must be built to be exceptionally 
durable and reliably strong. At the utility scale, energy stored during periods of low energy 
demand can be released to meet the energy need during higher demand periods, figure 2.5. In 
small scale systems, the stored energy has long been used in such applications as propulsion of 
mine locomotives, power tools, and some short range vehicles, etc (Wald, 2010). 
Figure 2.5: Cavity Compressed air storage (Pavlos, 2017) 
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2.5.1. Hybrid ICE-Compressed Air System 
Storage for small scale systems is the focus of this research, i.e. such applications as propulsion 
of mine locomotives, power tools, vehicles, and various small compressed air systems. 
Nevertheless, the focus is more in the field of passenger vehicle propulsion.  
In the attempt to improve the fuel consumption of internal combustion engines (ICE) and to 
reduce the pollution caused by this form of propulsion, researchers have considered extending 
the electric and hydraulic hybrid technology to ICE compressed air hybrid. Bakar (Wasbari F, 
et al., 2017) discusses three designs of a compressed air hybrid. The designs consist of series, 
parallel, and mix configuration. Each with its respective advantages and disadvantages.  
The series configuration consists of the gasoline engine, compressor, air motor, air reservoir, 
and valves. Under this arrangement, the air motor directly drives the wheels. The energy to 
drive the wheels is supplied in series from the gasoline engine to the air reservoir, then to the 
air motor. With the possibility of the compressed air in the tank also being recharged from 
regenerative braking. This is a technology that allows the storage of kinetic energy from 
coasting and braking.  The gas engine is used to run the compressor, which in turn stores the 
compressed air in the tank. In this case, the ICE could be operated at the optimum speed to 
ensure it runs in the highest state of efficiency that brings to low fuel consumption. The engine 
torque at initial speed is expected to be good. However, its impact on high speed still needs to 
be examined in depth as vehicle loads are not constant. The engine can be smaller and efficient 
since it does not power the vehicle directly. Series hybrids configuration (figure 2.6) should be 
less complex and easily adaptable to a broad range of systems. Nevertheless, a larger 
compressed air reservoir is needed for energy storage (Wasbari F, et al., 2017). 
 
 
 
 
 
 
 
 
Figure 2.6: Compressed air hybrid series configuration (Wasbari F, et al., 2017) 
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The parallel configuration is comprised of the air motor, gasoline engine, compressor, air 
reservoir, valves, and planetary gear (figure 2.7). The engine and the air motor are parallel to 
each other in the set up, and both are connected to one transmission shaft that drives the wheels. 
Controllers are needed to coordinate the engine and the air motor operations, working either 
independently or simultaneously depending on the power needs. Compressed air in the tank is 
also recharged from regenerative braking. This method is suitable for high speed experience. 
It allows either sources or a combination of the two, to power the vehicle at any given time. 
The existence of both propulsion units may minimize the size of the compressed air reservoir 
needed for energy storage. But additional components such as extra clutch, planetary gear, and 
transmission may add weight to the system. Hence, practically the design is complex. 
 
 
 
 
 
 
 
 
The combination of the parallel and series configuration can be optimized by the introduction 
of a supercharger. This boosts the performance of the ICE. The compressed air from the 
reservoir can run the car and at the same time supply air to the ICE. More air from the induction 
means better combustion in the chamber, for the ICE. However, this approach increases the 
complexity of the hybrid and makes it difficult to maintain. The series-parallel design can exist 
only in an attempt to optimize the series or parallel system (Wasbari F, et al., 2017).  
In the “Evaluation of ideal double-tank hybrid pneumatic engine system under different 
compression cycle scenarios” (Wenbo, et al., 2017), the proposition of a double compressed 
air tank system for improving the performance of the regenerative braking technology was 
made. Although it is called hybrid pneumatic, this system is not different from the hybrid 
compressed air technology discussed by other authors.  Because all their propositions consist 
of storing compressed air in a reservoir so that it serves as the secondary source of energy that 
can be utilized.      
Figure 2.7: Compressed air hybrid parallel configuration (Wasbari F, et al., 2017) 
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Researchers are not focusing on the efficiency of the compressed air storage reservoir, rather 
in the development of a hybrid ICE compressed air. But in the series configuration (Wasbari 
F, et al., 2017), there seems to be a need for a dynamic reservoir such as the one proposed in 
this work. A reservoir that can be small, but efficient in storing compressed air energy.  
2.5.2. Underground Compressed Air Storage for Smart Grid  
In their study which covered a detailed review on various aspects of a compressed air energy 
storage system (CAES), Gayathri, et al., have performed a thermodynamic analysis and 
conducted an experimental investigation on various control strategies of energy storage 
towards the smart grid and poly-generation (Gayathri, et al., 2016). Their research focused on 
the utility scale CAES, especially when there is no demand, the off-peak power from the grid 
or the electricity generated from renewable sources is used to compress the air and pump it into 
a sealed underground cavern or a large sized storage tank at high pressure. Whenever there is 
a power requirement, this high-pressure air from the underground reservoir or tank is retrieved 
and utilized to drive the turbine, and power is produced from the coupled generator as shown 
in figure 2.5. This method is efficient as the compressed air will lose less energy.  
Renewable energy is best suited to perform the work of compression. If the air temperature is 
low for the energy recovery process, the air must be reheated before it is expanded in the 
turbine. This reheating can be accomplished with a natural gas fire burner for utility grade 
storage or with heated metal mass. Compressed air at nearly ambient temperature can be stored 
until required with minimal energy losses (Gayathri, et al., 2016). MATLAB/Simulink was 
used to develop a thermodynamic model for a multistage compression system, as on figure 2.8.  
Figure 2.8: Simulink model of a multistage compression (Gayathri, et al., 2016) 
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In the case of underground storage, there is no need to develop an innovative way of storing. 
McIntosh plant in the United States and Huntorf Plant in Germany are making use of the old 
mines and caverns. The Huntorf plant uses a 310,000 m3 cavern at a depth of 600 m with a 
pressure between 50 – 70 bars. It runs on a daily charging cycle of 8 hours providing a peak 
output of 290 MW for 2 hours. The McIntosh plant has a 538,000 m3 salt cavern at a depth of 
450 m with a pressure between 45-76 bars. Originally it provided an output of 110 MW for 26 
hours, but in 1998 two extra generators were added and its total capacity is now 226 MW 
(Barbour, 2019). This approach provides a large storage capacity. The site needs only to be 
made ready by sealing and putting in place control mechanisms. When large storage must be 
constructed, a site and construction materials will be needed. Considering the benefit that 
comes with this storage method, it is worth constructing. But the technology is not for a system 
that requires to be unplugged from the energy supply source, such as a passenger vehicle or 
air-powered tools.   
2.5.3. Storage for Use in Autonomous Systems  
The design of compressed air reservoirs (tank) that are used in small scale applications such as 
the propulsion of mine locomotives, air-powered tools, and passenger vehicles, etc… involves 
parameters such as safety factor, minimum design temperature, maximum safe operating 
pressure and temperature as well as corrosion allowance; because most of the materials used 
for making them are brittle. Their efficiency is tested using non-destructive testing such as 
radiography and ultrasound (Jeremy, 2012). The pressure tests are hydrostatic using water.  
A spherical pressure vessel design provides almost twice the strength of a cylindrical pressure 
vessel with the same wall thickness and is the ideal shape to hold internal pressure. But a 
spherical vessel requires a complex manufacturing process. Therefore, it is expensive to make, 
and most manufacturers do not make it (Hearn, 1997). Most pressure vessels are cylindrical 
with semi-elliptical head caps on each end. A disadvantage of these vessels is that greater 
diameters are unsafe (Nilson, 2008). In this work, the focus was based on a cylindrical shape. 
Motor development international (MDI) is the leading developer of the compressed air 
passenger vehicle. MDI is a French company based in Luxemburg. In their AirPod 1(figure 
1.1), they used a 175 L reservoir that could store 80 kg of compressed air up to 350 bars (Anon., 
2018). This reservoir is efficient when compared to other tanks. But it does not help make the 
compressed air car technology more attractive to users. It is a vessel made from strong materials 
(figure 2.9), and it is subjected to all the problems mentioned in the research problem statement. 
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From its scientific name “Pressure vessel”, the compressed air reservoirs are made with 
different materials depending on the application, which is also related to the operating pressure. 
Table 2.2 shows some common materials that are used for making compressed air storage 
reservoirs. Tanks made with materials shown in table 2.2 are also used for Hydrogen storage.   
Table 2.2: Comparison of materials used for pressure vessel manufacturing (Onder, 2007) 
Property comparison for some high tensile strength composite materials 
Number Material 
Density 
(kg/m3) 
Tensile 
Strength 
(MPa) 
Tensile 
Modulus 
(MPa) 
Specific 
Tensile 
Strength 
(1000 m) 
1 Filament Wound Composite 1990 1034 31.02 52.96 
2 Aluminium 7075-T6 2760 565 71.01 20.87 
3 Stainless Steel 301 8020 1275 199.94 16.20 
4 
Titanium Alloy (Ti-13V-12 
Cr-3 Al) 
4560 1275 110.30 28.50 
Pressure vessels to be used in passenger vehicles are made of composite materials, such as 
filament wound composite using carbon fibre held in place with a polymer. Due to the very 
high tensile strength of carbon fiber, these reservoirs can be very light. But they are difficult to 
manufacture. The composite material may be wound around a metal liner as in figure 2.9, 
forming a composite overwrapped pressure vessel. The vessels may be lined with various 
metals, ceramics, or polymers to prevent leaking and protect the structure of the vessel from 
the contained medium. The liner may carry a significant portion of the pressure (Nagler, 2014).  
 
Figure 2.9: Reservoir made of carbon fiber outer layer (Onder, 2007) 
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Table 2.3: High strength compressed air reservoir (Onder, 2007) 
Composition of compressed air reservoir made of carbon fiber outer layer 
Number Description 
1 Thin-walled Aluminium lining 
2 Protexal smooth, inner, corrosion resistant internal finish 
3 Insulating layer 
4 High performance carbon fibre overwrap in epoxy resin matrix 
5 High strength fibre reinforced plastic (FRP) protected with gel coat  
6 Precision machined thread 
Table 2.3 is related to figure 2.9 shown on the previous page. The figure illustrates one way of 
manufacturing the high-pressure vessel. The table shows the materials that compose this 
specific body. This method is the most commonly utilised by the manufacturer of compressed 
air reservoirs for cars.  
Pressure Vessels may also be constructed from concrete and PVC pipe, or other materials that 
can withstand high tension. Cabling, wrapped around the vessel or within the wall or the vessel 
itself, provides the necessary tension to resist the internal pressure. A "leakproof steel thin 
membrane" lines the internal wall of the vessel. Such vessels can be assembled from modular 
pieces and so have "no size limitations". There is also a high order of redundancy because of 
the large number of individual cables resisting the internal pressure when using cabling. 
In the manufacturing process of modern high-pressure vessels, apart from the strength of the 
selected material, the weight and size of the vessel are factors that engineers are taking into 
consideration. An effective design should be light weight, relatively small, and very strong. 
2.5.4. Dynamic reservoir MATLAB model for hydraulic system 
Existing tools such as MATLAB could be used for the development of a dynamic reservoir for 
compressed air. In simulation platforms, the designation “accumulator” is generally preferred 
instead of a reservoir. Hence, the “dynamic reservoir’ is referred to as a “spring-loaded 
accumulator within the MATLAB software. Figure 2.10 shows a hydraulic system using a 
spring-loaded accumulator. The accumulator is charged by the pressure source while the orifice 
is closed and held at its charged pressure by the check valve and discharged as the orifice opens 
(Mathworks, n.d.). MATLAB does not provide a spring-loaded accumulator for pneumatic 
applications. Thus, the necessity of conducting this research and investigating the performance 
of the dynamic reservoir (spring-loaded accumulator) on a gas network.  
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2.6. Compressed Air Energy Application Fields 
As a relevant source of power, compressed air is often referred to as the fourth utility in 
industry. It can be used to perform numerous types of work. But in this context, the focus has 
been more on the reservoir or storage system. Developing a high capacity storage system means 
improving the autonomy of technologies that depend on compressed air energy storage, starting 
with the compressed air car, which is the main target for the development of a high capacity 
and performance storage. Few other applications where the air tank is needed are described in 
the following section.  
• Compressed air reservoir in cars 
This is a vehicle that uses compressed air as its source of energy to produce necessary 
mechanical power to drive the car. Like gasoline cars use petrol, hydrogen cars use hydrogen, 
electric cars use batteries, etc. compressed air cars use air which is under high pressure. But 
the technology is still in the infancy stage. The car using compressed air is very limited in terms 
of travel range and speed. However, this technology is flattering because it is cheap and 
environmentally friendly. The motorcar company on the driving seat of this non-pollutant 
transportation system is Tata. The objective is to make this technology more efficient and 
reliable. Researches conducted in this field with the objective of improving the gas reservoir 
capacity and strength are promising. Figure 2.11 depicts a Tata OneCat, which is a model using 
compressed air stored in carbon fiber reservoirs. 
Figure 2.10: Spring-Loaded Accumulator on hydraulic system (Mathworks, n.d.) 
Spring-loaded accumulator 
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Figure 2.11: Compressed air car  
Applications of the air stored in a reliably stronger reservoir will include but not limited to air-
powered hand tools (Gison , 2019), two-post car lift, robotic and CNC machines, mining 
locomotive, door systems, as well as many other applications. 
2.7. Summary of Literature Review 
In summary, it must be indicated that though unexhaustive as far as compressed air storage and 
technology is concerned, this literature review attempted to include important aspects of the 
matter. It showed that there is an awareness of the recent innovation and gaps in the field of 
compressed air in general and storage in particular. This literature review briefly covered 
energy and power as sources of mechanical work. In the energy storage section, it was shown 
that when not in demand, energy must be stored for peak periods to avoid wastage of resources. 
Compressed air was described as a fully reliable form of energy and capable of performing 
mechanical work. Compressed air energy storage was shown to be an important topic in 
modern technology development. This view is supported by the hybrid ICE compressed air 
development, underground storage applications studies, and numerous companies considering 
developing their air-powered vehicles. The similarity was found between the hypothesis of this 
research and the literature. A mechanism that is referred to as Spring-loaded Accumulator 
performs the same function as the Dynamic Reservoir that this research was investigating. The 
only difference lies in the fluid use in both cases. The spring-loaded accumulator is used in 
hydraulic systems, whereas the dynamic reservoir was intended to be used in pneumatic 
applications. Existing studies did not investigate the performance of a dynamic reservoir in a 
pneumatic field. That was the gap that this research project exploited. Improving the 
performance and the efficiency of the compressed air by using a dynamic reservoir would be 
beneficial for the development of numerous air-powered machinery. Appendix C covers the 
theory of pressure vessel and design. 
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3. Chapter 3: Research Methodology 
3.1. Introduction 
In this section, details about the materials, methods, and approach that were utilized are 
presented. To attain the objective of this research, physical experiments were conducted, and 
simulations were performed. The analysis performed in this work was focusing on the trends 
of the results. The details reported in this section emphasized the materials representing the 
constituents of the dynamic reservoir, then the materials of the static reservoir on a pneumatic 
system. The specifics of the experimental method are presented in two subsections.  The 
specifics of the simulation method are also presented in two distinct subsections. The overall 
adopted approach for the research is given in one subsection. The determination of the 
experimental spring rates is provided in a subsection. A summary of the chapter comes last.  
3.2. Description of Experimental Setup 
Two experiments were conducted. The experimental investigation took place at Genpower, in 
Pretoria West. The experiment was conducted for 4 hours and the results were recorded as 
reported in the results section. Two air compressors were utilized for the experiment and they 
were both of reciprocating type. The first air compressor was driven by an internal combustion 
engine (ICE) and the second was driven by an electric motor. The air compressor powered by 
the internal combustion engine was utilized first and the one powered by the electric motor was 
utilized last. Then the decision regarding which results to consider was made based on the data 
that was collected.  
3.2.1. Air Compressor Driven by ICE  
The experiment conducted with the Air Compressor Unit that was driven by an internal 
combustion engine required the materials described in this section. The machine is called unit 
because it was made from different major parts, that could only operate as one unit. Those parts 
included the internal combustion engine, the reciprocating compressor, the air reservoir, the 
barometers, and the manual pressure relief valve. Figure 3.1 shows the consolidated image of 
the ICE powered air compressor unit and Table 3.1 shows the overall unit specifications.  
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Table 3.1: Air Compressor Unit Specifications 
Description Value Unit 
Maker of compressor Ingersoll Rand NA 
Air compressor delivery 190 litre/min 
Engine Power (Honda) 5 (3.6) hp (kW) 
Engine speed 2800 rpm 
Air reservoir capacity (Static) 100 litre 
Air reservoir max. pressure 10 bars 
 
Figure 3.1 depicts the air compressor driven by the ICE Honda general purpose engine. The 
internal combustion engine, the reciprocating compressor, the air reservoir, the manual 
pressure relief valve, and two barometers formed an integral part of the air compressor unit.  
 
Figure 3.1: ICE Air Compressor Unit and Parts 
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• Tachometer: this device served the purpose of measuring the rotational speed of the 
internal combustion engine. The air compressor needed to be driven at a specific number 
of revolutions per minute, at 3200 rpm. Figure 3.2 shows the tachometer that was utilized. 
 
 
 
 
 
 
 
 
 
• iPhone Stopwatch: the device in figure 3.2 served the purpose of monitoring the time it 
took to charge and discharge the reservoir. For all the times the air compressor was charging 
and discharging the reservoir, the stopwatch was utilized to record the minutes. This device 
was also utilized for recording videos and capturing images during the experiment. 
 
• Barometer: this instrument served the purpose of measuring the pressure inside of the 
compressed air reservoir during the charging and discharging period. The maximum 
pressure that the air reservoir could withstand was 10 bars. The experiment, for safety 
reasons, was conducted with a maximum pressure of 5 bars. The devices in figure 3.3 & 
3.4, allowed a close track of the pressure variation during charging and discharging stages.  
 
 
 
 
 
 
 
Figure 3.2: Tachometer and Stopwatch 
Figure 3.3: Barometer 1 
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• Pressure Relief Valve (Manual): This served the purpose of deviating the compressed air 
from entering the air reservoir once the pressure inside of the vessel reached 5 bars. The 
instrument was part of the air Compressor Unit and it is shown separately in figure 3.5 
because on the consolidated image, it was hardly noticeable. 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
Apart from the ICE air compressor unit and all its integral parts, all the other experimental 
equipment was the same as for the experiment conducted with the air compressor powered by 
the electric motor. The results obtained after the first physical experiment are presented under 
the results section of the dissertation. The following section deals with the experimental setup 
(materials/apparatus) utilised while conducting the test with the air compressor driven by the 
electric motor. 
 
Figure 3.5: Pressure Relief Valve 
Figure 3.4: Barometer 2 
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3.2.2. Air Compressor Driven by Electric Motor 
The second part of the physical experiment was conducted with the air compressor that was 
driven by the electric motor. The materials that were utilized for the experiment comprised of; 
a single-phase electric motor, a single cylinder reciprocating air compressor, an air reservoir, 
two barometers, and an electromechanics pressure relief valve. Table 3.2 shows the overall 
specifications of the electric motor driven air compressor unit. 
Table 3.2: Electric Motor driven Air compressor unit 
Description Value Unit 
Maker of compressor Ingersoll Rand NA 
Air compressor delivery 190 litre/min 
Motor (EMZ 1 phase) 3 (2.2) hp (kW) 
Motor speed 2800 rpm 
Air reservoir capacity (Static) 100 litre 
Air reservoir max. pressure 10 bars 
 
Figure 3.6 depicts the electric motor driven air compressor unit that was utilized for the second 
part of the experiment. Unlike in the first case where an ICE was used, an electric motor was 
considered for this second part of the experimental investigation. The manual pressure relief 
valve was replaced with an electromechanical pressure relief valve shown in Figure 3.7.   
Figure 3.6: Electric motor driven air compressor unit 
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• Electromechanical Pressure Relief Valve: This device had a range of measurements from 
0 to 16 bars. The relief pressure was set at 5 bars for this experiment. The instrument was 
part of the air Compressor Unit and it is shown separately in figure 3.7 The device 
incorporated 2 barometers capable of reading 16 bars each.  
  
 
 
 
 
 
 
 
• Toolbox: Working with mechanical machinery, it was necessary to have a tool kit for the 
time when it could be needed. The tools were utilized to make sure that every component 
was appropriately fitted to the air compressor before, during, and after the experiment. 
  
 
 
 
 
 
 
All other instruments and devices that were necessary for this experiment are shown under the 
section air compressor driven by ICE. A laptop was also utilized for data recording and storage. 
Other equipment included the iPhone for its stopwatch and camera. The results obtained from 
the use of the two air compressors are reported in the next chapter that deals with all results. 
Figure 3.7: Electromechanical pressure relief valve 
Figure 3.8: Toolkit 
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3.3. Experimental Investigation Procedures  
The Bulk Modulus of air (101 kPa) indicates that the air is highly compressible when compared 
with the most abundant liquid on earth, water (2.2 GPa). This factor led to assume that the 
dynamic reservoir in the pneumatic system will considerably affect the behaviours of the gas 
being stored in the medium. On the same line of thought, that effect will be experienced when 
storing and when the stored gas is being released from the reservoir to perform work. This 
research was mostly focusing on storing and releasing time. The parameters of interest in that 
evaluation were the pressure, the temperatures, the density, the mass flow rate, and the spring 
stiffness at the charging and the discharging period of the tests for the two storage systems. 
This subsection provides information on how the data was collected and analysed. 
The physical experiment was conducted in Pretoria, on the premises of a Company called 
Genpower. The company is an Original Equipment Manufacturer (OEM) client of Honda 
Motor Southern Africa. They buy general purpose engines and fit them into their machines. 
Two Genpower compressors were used for this experimental investigation. One was powered 
by a Honda general purpose engine and the other was powered by an electric motor.  
The step by step procedures followed for this phase of the experiment are given in a list format 
for clarity. No experimental results pertaining to this phase are presented in this subsection. 
The experimental investigation (with static reservoir) was conducted as follow: 
1. The testing environment and the compressors were set ready for experimentation. This was 
done to ensure the safety and order at the testing facility during the entire experiment. 
2. Before starting to run the compressor, the reservoir was emptied until the barometer reading 
indicated zero (0) bar (gauge pressure). The indication was set as the initial condition.  
3. The barometer reading at the initial condition was then recorded. That was when the 
pressure inside the reservoir was zero bar (gauge) or equal to the atmospheric pressure. 
4. The electromechanical pressure relief valve was set to cracking pressure of 5 bar.  
5. The compressor’s engine/motor was started. Observation was made to ensure that the 
charging of the static reservoir was taking place correctly.   
6. A stopwatch and a camera were respectively utilized to keep track of the charging time and 
to capture, record, and film the whole operation.  
7. The time taken for the compressed air pressure to reach 5 bar inside the static reservoir was 
recorded. That time was referred to as charging time, charging process, or charging period. 
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8. After the reservoir pressure reached 5 bar, the stored compressed air from the static 
reservoir was released into the atmosphere. 
9. The time taken for the reservoir pressure to go back to 0 bar (gauge pressure) was recorded. 
That was referred to as discharging time, discharging process, and discharging period. 
10. The experimental procedures, from steps 2 to 9, were repeated 4 times. At each time, the 
charging and discharging periods were recorded. The pressure variation with respect to the 
charging and the discharging periods were recorded. The accurate result was considered. 
11. The experimental procedures, from steps 1 to 10, were repeated for the two air compressors. 
Those were the ICE driven and the Electric Motor-powered air compressors.  
12. The relationship between the pressure versus charging time and the pressure versus 
discharging time was established based on the data that was recorded during the 
experiment. 
13. The results of the experiment were carefully saved in order to be utilised for the simulation 
study.  
 
The results obtained from the experiment conducted using the electric motor driven air 
compressor were more accurate than the ones obtained from using the ICE driven air 
compressor. Therefore, the electric motor air compressor results were considered.  It should be 
noted that the two air compressors utilised for the physical experiments were both fitted with 
a static reservoir. The experimental results are presented in tabular and graphical format in the 
results section, chapter 4 in this dissertation.            
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3.4. Modelling and Simulation Procedure 
Two different models were built in order to investigate the performance of the storage systems 
proposed in this study. The simulation was performed in two phases. Firstly, with the static 
reservoir, and secondly with the dynamic reservoir. The MATLAB/Simulink/Simscape model 
design was the same for the two simulation phases in terms of the components, settings, and 
configurations. However, the reservoirs' compositions and configurations were not the same. 
That was the area where the comparison between the static and the dynamic reservoir took 
place. The analysis aimed to provide some insight into the effect of the design of the reservoir 
on its performance and the performance of a pneumatic system. This section is divided into 
two parts. The first part is concerned with the presentation of the model, its functionality, and 
its constituents. The second part is concerned with the procedures followed for constructing 
the pneumatic model and performing the simulation with the two reservoirs.   
3.4.1. Model Functionality and Constituents 
This section deals with the simulation model and how it works by highlighting the main model 
constituents, and the constituents that distinguish the two reservoirs. The model operates in the 
same way for the two simulation phases. However, the reservoirs operate differently, and those 
differences affect their performances. The following section describes the simulation model. 
• Simulation Model Functionality 
Everything starts with the Signal Builder (1). That is where the commands take place for 
starting and ending the simulation. The builder sends a positive signal to port S of the 3-ways 
directional valve (6). Upon receiving the signal, the valve activates the connection between its 
port P (which is connected to the pressure source) and its port A (which leads to the reservoir), 
allowing the compressed air to flow from the pressure source (4) to the reservoir. From the 
pressure source, the air enters the first pipe through port A. Coming out of the first pipe via 
port B, air enters the valve through port P and exits via port A where it enters the second pipe. 
Coming out of the second pipe, the air enters the first mass & energy flow rate sensor through 
port A, where the flow rate is measured and comes out via port B. The sensor continuously 
sends signals via port M to the first scope where data is analysed and recorded. Coming out of 
the flow rate sensor, the air enters the third pipe. Coming out of the third pipe, the air enters 
the reservoir where it is stored. The builder maintains the positive signal for the entire charging 
time or the duration of 424.2 seconds.    
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Once the charging duration is over, the discharging process starts. The builder sends a negative 
signal to the port S of the valve. Upon receiving the negative signal, the valve activates the 
connection between its port A and port T. The connection between the pressure source (via 
port P) and the reservoir (via port A) is deactivated at the same time. The flow direction changes 
because of the lack of continuous air supply. The compressed air that was stored in the reservoir 
during the charging period starts flowing out. The air enters the third pipe through port B, 
coming out of the third pipe via port A, it enters the first sensor through port B where 
measurement is once more taken, and data sent to the first scope. Coming out of the sensor via 
port A, the air enters the valve through port A and exit via port T. Coming out of the valve via 
port T, the air enters the fourth pipe through port A. Coming out of the fourth pipe via port B, 
the air enters the second mass & energy flowrate sensor through port A. The sensor sends 
signals through port M to the second scope for data analyses and recording. The air exits the 
sensor via port B and enters the pressure discharge mechanism at the end of 229.7 seconds. 
Figures 3.9 and 3.10 illustrate the simulation model with a static reservoir and dynamic 
reservoir respectively. The model comprises 12 components excluding the reservoir. Three of 
those components were repetitive, namely the pipe X 4, the scope X 2, the mass and energy 
flowrate sensor X 2 and the PS-Simulink Converter X 2.
Figure 3.9: Simulation model with Static Reservoir 
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The simulation model with the static reservoir and the one with the dynamic reservoir are the 
same in terms of design, constituents, and functionality. On the model with the dynamic 
reservoir however, one can notice the presence of an additional scope that is not present on the 
model with the static reservoir. That is because the scope is related to the dynamic reservoir 
and not the model. That scope measures the displacement of the piston inside the dynamic 
reservoir. See figure 3.23, the dynamic reservoir was dismantled to show its constituents.   
The component on the top right corner of the simulation model gives access to the Simscape 
library. During the model construction, quick access to blocks can be achieved using the Open 
Simscape Library button. Most components in the model come from the Simscape library, 
except the Signal Builder (1), the Solver Configuration (2), the Simulink-PS Converter (9), the 
Scope (5) and the PS-Simulink Converter (8) which are from the Simulink Sources Library. It 
should be noted that there are many other ways in which one can access the libraries. 
The next section deals with the constituents of the simulation model. Every single block is 
explained in terms of its role in the model. The settings, parameters, configurations, and 
variables are shown with respect to the objectives and desired outcome. The blocks are 
presented in a way that makes it easier for any person to be able to reproduce this work and 
obtained similar results had they been interested in doing so using MATLAB.  
Figure 3.10: Simulation model with Dynamic Reservoir 
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• Simulation Model constituents 
The pneumatic model of the simulation experiment was designed with twenty-one (21) 
components. In this part, each one of them is shown and described and there are as follow:  
1. Signal Builder: this is where the simulation started. In this experiment, the block sent 
signals that command the 3-ways directional pneumatic valve. The signal magnitude varies 
from “0 to 1”, “1 to 0”, “0 to -1” and “-1 to 0”, and these signals are interpreted by the 
directional valve as “Open”, “Close”, “Switch” and “Close” respectively.  The signals are 
sent at specific times with “0 to 1” representing the charging period and “-1 to 0” 
representing the discharging period. Figure 3.11 depicts the signal builder anatomy.   
 
2. Solver Configuration: this block can be attached anywhere on the model network. It serves 
the purpose of helping MATLAB to solve all the equations governing the functionality of 
the Simscape blocks, the configured parameters, and the system connections. Any 
Simscape connection requires a solver configuration setting for simulation, because the 
Simscape and Simscape-fluid use solver technology, See figure 3.12. Each topologically 
distinct Simscape block diagram requires exactly one Solver Configuration block to be 
connected to it, and one solver configuration was used for this simulation model. 
 
Figure 3.11: Signal Builder real view  
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3. Gas Property: this block helped determine the property of the gas that was utilised in the 
network. In this context it was air, and it was assumed to be a real gas. The gas property 
block allows for the configurations of physical properties to be edited. Figures 3.13 and 
3.14 show the properties and the network parameters utilised for this simulation. 
 
 
 
 
 
 
 
 
Figure 3.12: Solver Configuration 
Figure 3.13: Gas Physical Properties 
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4. Pressure Source: the physical experiment was conducted with a reciprocating compressor 
that delivered an estimated 5 bars (more or less) continuously. To keep the simulation 
model less complex, the compressor was replaced with a Pressure Source shown in figure 
315. This block supplied a quasi-steady flow of gas, with specified parameters. The gas 
parameters and properties could change only based on network functionality.  
 
 
 
 
 
 
 
 
Figure 3.14: Gas Properties network parameters 
Figure 3.15: Pressure Source 
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5. Scope: This is a block that helps to display the simulation data from other blocks in the 
network. Two scopes were utilized in this experiment. They were connected to mass 
flowrate sensors via a “PS to Simulink” converters which enables the scopes to read and 
display the measured quantities. Figure 3.16 depicts one of the scopes displaying the mass 
flowrate of air for the entire duration of the simulation with a static reservoir.    
6. 3-Way Directional Valve: this is a valve with four ports (positions) namely S, P, T, and 
A. It is the second most important component of this model after the reservoirs. Because it 
enabled the simulation to perform with precision during the charging and discharging time. 
The port S receives a positive or negative signal from the Signal Builder. The port P and T 
are inwards and outwards flow ports respectively. The port A allows two direction flows, 
that is the flow to the reservoir and from the reservoir.  
 
A positive signal at port S activates the connection between P and A and a negative signal 
at S activates the connection between A and T. The 3-ways gas directional valve allows the 
configuration of basic valve parameters, model parameterization, and the valve opening 
fraction offsets. Figure 3.17 represents the configuration of the block that was adopted for 
the simulation experiment. 
 
The Signal Builder sends a Simulink signal which the 3-ways directional valve cannot read. 
Thus, a block named “Simulink to PS” was utilised to convert the Simulink signal to PS 
(Physical Signal) that the valve understands.   
Figure 3.16: Scope 
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Figure 3.17: 3-Ways Directional Valve Gas 
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7. Mass & Energy Flow Rate Sensor: this block measures the mass and energy flow rate of 
a gas in a pneumatic network. The only consideration with respect to property or parameter 
is ensuring that the flowing fluid in the network is a Gas, see figure 3.13 and 3.14, 
component number 7. This component is connected to the scope via a “PS to Simulink” 
block. The scope plays the role of displaying the measured quantities from the measurement 
block (instrument). Two mass and energy flow rate sensors were utilized, one to measure 
the inwards flow and the other to measure the outwards flow. 
 
8. Physical Signal (PS) to Simulink Converter: this block converts Simscape Signal to 
Simulink signal. Simscape networks and models are considered to produce physical 
signals. To complete a Simscape model, Simulink signals from Simulink blocks are 
necessary. To create a valid connection between a Simscape block and a Simulink block, 
the physical signal “PS to Simulink” block must be utilized. Figure 3.18 depicts the block’s 
single parameter which was the output unit in kg/s, the unit of the output signal from the 
mass and energy flowrate sensor. Two PS to Simulink were utilized in this simulation 
model.   
 
 
 
 
 
 
 
 
9. Simulink to Physical Signal (PS) Converter: this block converts the Simulink signal to 
physical signal. This component created the link between the Signal Builder and the 3-
Ways Directional Valve by converting the unitless Simulink signal from the builder to the 
physical signal for the valve. Figure 3.19 shows the parameters of the block with the input 
signal unit being 1. Only one Simulink to PS was utilized on the model.  
Figure 3.18: PS to Simulink Converter 
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10. Pipe: this block ensures the physical connection between two blocks in a gas network and 
permits the flow of the gas between the blocks. The pipe has three ports A, B, and H. A and 
B represent the inlet and the outlet flow direction respectively. H represents the thermal 
conversing port related to the pipe’s wall temperature.  The port H was connected to a 
perfect thermal insulator. Figure 3.20 & 3.21 represent the block’s settings starting from 
the geometry, the friction and heat transfer, and the variable. Of these settings, only the 
variables of the pipe depended on the simulation model. Four pipes were utilized. 
 
 
 
 
 
 
 
 
Figure 3.19: Simulink to PS Converter 
Figure 3.20: Pipe 
 
43 
 
By Kabinga R.K.N. Copyright © University of Johannesburg, South Africa  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
11. Perfect Insulator: this block (component number 11) provides thermal insulation in a gas 
network. Since this research was not much interested in the details regarding the thermal 
property changes of the gas during the simulation, there was no need to determine the exact 
value for the system’s heat transfer for every component. Therefore, five thermal insulators 
provided perfect heat transfer from the system to the atmosphere. Four perfect insulators 
were connected to the pipes and one was connected to the dynamic and static reservoirs.  
Figure 3.21: Pipe 
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12. Pressure Discharge: this block is referred to in the Simscape library as “Reservoir” 
because it provides an infinite flow of gas in a network. This block was utilized to replace 
the mechanical reciprocating compressor in the simulation model. It is the same block as 
the pressure source with similar if not identical properties. See figure 3.15 for the 
configuration and settings of the block’s properties. 
 
13. Static Reservoir: this component was made from a block called Constant Volume 
Chamber and a Perfect Insulator, from the Simscape gas library. Figure 3.22 represents the 
settings of the parameters and variables. This was the main interest of the research. The 
results trend obtained here had to be compared to the trends of the experimental results. 
 
 
 
 
 
   
 
 
 
 
 
 
 
 
Figure 3.22: Dynamic Reservoir Constituents 
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14. Dynamic Reservoir and Constituents: this component was made of 8 blocks from the 
Simscape gas library. The gas chamber had one that served as an inlet port and outlet port. 
The compressed air entered the Translational Mechanical Converter (Chamber or Cylinder) 
where it acted upon a piston that sat on a Translational Spring. The Translational Hard Stop 
and the Translational Damper were utilized as safety mechanisms for the system to have a 
completely physical approach. Their settings, along with the spring and the cylinder, are 
shown in figure below. The Piston Motion Sensor was utilized as a secondary instrument 
for determining the distance the piston moved during charging or discharging time. The 
Mechanical Translational References are always necessary to include when dealing with 
moving parts. They represent fixed points, bolted points, stationary frame of reference in a 
system, etc. Figure 3.23 depicts the dynamic reservoir on the felt and its constituents on the 
right. In the simulation model, the constituents of the dynamic reservoir are not shown. 
1. Translational Mechanical Converter: this block is literally a pneumatic actuator. When 
configured and given desired properties, the actuator rod can be connected to a spring, this 
pneumatic mechanism fulfils the function of the dynamic reservoir as desired by the 
research and construction of the dynamic reservoir. The cylinder or chamber settings are 
shown in figure 3.24. The translational mechanical converter was connected to a perfect 
insulator. The perfect insulator was utilized wherever there was an exchange of heat 
between the system and the environment.  
Figure 3.23: Dynamic Reservoir Constituents 
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2. Translational Spring: this block is none other than the spring that it represents in the 
dynamic reservoir composition. The spring was connected to the piston rod from the 
translational mechanical converter. When the compressed air pressure increased in the 
reservoir, the piston-rod was pushed back, and the spring was compressed. The spring rate 
was determined based on the force that the piston experienced as a result of 5 bars acting 
upon it. Formula 3 and its derivatives were utilized to determine the first spring rate. Figure 
3.25 shows the settings of the Translational Spring from parameters to variables. 
Figure 3.24: Translational Mechanical Converter 
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3. Translational Damper: this block played the role of a safety mechanism in the dynamic 
reservoir composition. It represents an ideal mechanical translational viscous damper. With 
two physical connection ports R and C, the damper was connected to the mechanical 
reference on the left side and the piston-rod on the right side. Upon the realization that its 
single parameter did not have a direct influence on the performance of the dynamic 
reservoir, the damper coefficient was kept at 300 N/(m/s) which was the default number.  
Figure 3.26 represents the settings parameter and variables of the translational damper. The 
beginning variable of the damper was kept at zero which are also the default values.  
Figure 3.25: Translational Spring 
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4. Translational Hard Stop: this block played the role of a safety mechanism in the dynamic 
reservoir composition. Its most important parameters were the upper and the lower bound 
which were set to restrict the motion of the cylinder’s piston-rod. All the parameters of the 
hard stop were related to the translational spring and the translational damper, it 
implemented the stop between those two mechanisms. The other parameters and variables 
did not affect directly the performance of the dynamic reservoir, their values were kept to 
default. See figure 3.27 that represents the parameters and variables of this block.   
Figure 3.26: Translational Damper 
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In summary, the main difference between the Static and the Dynamic reservoir is their 
compositions. Each one of those storage mechanisms has its advantages and disadvantages. 
This work aimed to show that the Dynamic Reservoir could provide better results in terms of 
performance in a pneumatic system as opposed to the static reservoir. Under the results section, 
the differences in performance between the two reservoirs are shown.  
Figure 3.27: Translational Hard Stop 
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3.4.2. Simulation Procedures  
The step by step procedures followed for the second phase of the experiment are given in a list 
format in the following section. No results pertaining to this phase are presented here. The 
simulation experiment was conducted following the procedures below: 
0. The work environment was made ready and the Computer/Laptop was switched on.  
1. MATLAB R2019a, which was already installed on the Computer/Laptop, was launched 
and the Simulink/Simscape work platform was readied. 
2. The Static and the Dynamic reservoir were designed and configured according to the 
requirement of the experiments. Those requirements were mostly based on the 
specifications of the static reservoir from the physical experiment. The most important 
parameter was the volume of the reservoirs, which was 0.1 m3 cylindrical. 
3. In the dynamic reservoir, the piston area was set to 0.1111 m2 and the reservoir’s length 
was set to 0.9 m. Those dimensions came from the physical sizes of the static reservoir. 
4. The Simscape model was designed and tested with random values to ensure that it was 
functional. The test showed that the model performed according to the expectation. 
5. The simulation model was finalised and fitted with the static reservoir. 
6. The simulation was conducted four times with the Static reservoir. When it was observed 
that the results obtained from simulation with static reservoir were consistent, one set from 
those results was recorded. 
7. The simulation model was fitted with a dynamic reservoir. The initial spring rate of 
61.7222 × 103  N m⁄  was utilised. Refer to Initial spring rate determination for more 
details on how that spring rate value was obtained. 
8. The simulation was performed four times with a dynamic reservoir. Consistency in the 
results obtained led to one set from those results being recorded for further consideration. 
9. The spring rate in the dynamic reservoir was changed twice. The first change used half of 
the initial spring rate, 30.8611 × 103  N m⁄ . The second change used a spring rate derived 
from the force which the piston experienced as a result of 5 bars acting on 0.1111 m2.  
10. All simulation results were recorded. The static reservoir, the dynamic reservoir with an 
initial spring rate, haft initial spring rate, and derived spring rate, they were all recorded. 
The simulation experiment ended at this point.  
The steps provided here are complementary to the section “model functionality”. They should 
be read simultaneously as the simulation model constituents give additional details.     
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3.5. Approach 
To conduct this research project successfully, a well-defined approach that could be used for 
this work was required. This approach had to be designed in such a way that it makes the 
objective of the research attainable. This research aimed to evaluate the performance of the 
dynamic reservoir in comparison with the most popular static reservoir. The comparison had 
to be made with consideration to some specific conditions, and those were the charging period, 
the storage density, and the discharging period. These three instances combined could give a 
clear indication of the performance of each one of the two reservoirs. The static reservoirs 
found in common compressed air applications are relatively simple to manufacture. They are 
usually steel cylinders with two spherical end or oval-shaped steel. But when it comes to an 
application such as a compressed air car, the complexity related to the manufacturing of the 
reservoir increases. However, the cylinder remains static with its performance relying on its 
material strength and cylinder physical size. The level of complexity associated with the 
manufacturing of a dynamic reservoir is higher than that associated with the static reservoir. 
Thus, it was more demanding to build a physical dynamic reservoir whose performance would 
be compared to that of the static reservoir. Nevertheless, this research could give an acceptable 
insight into the performance trend by comparing the two proposed systems. Therefore, the 
approach adopted in this study is acceptable from the assessment of the performance point of 
view. The methodology can be summarised as follows:  
1. Conduct the physical experiment with the static reservoir. Record the experimental 
conditions, parameters, and results. Concurrently, develop a simulation model as well as 
models of the static and dynamic reservoir using MATLAB/Simulink/Simscape. 
2. Use the developed model of the static reservoir within MATLAB to simulate and compare 
the results to those obtained experimentally. Fine-tune the parameters of the simulation 
model until the results obtained during the physical experiment are reasonably close enough 
to that from the physical experiment. Record the simulation results. 
3. Substitute the static reservoir with the dynamic reservoir on the simulation model without 
altering any configuration, setting parameters, or conditions of the existing model. Run the 
simulation and record the results. Vary the spring rate to study the effect on the results. 
4. Organize all results to compare the performances of the static and dynamic reservoir. The 
parameters of interest were the pressure, density, mass flowrate, temperature, and spring 
force and spring deflection inside of the reservoirs with respect to time.  
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5. Analyse the results by comparing the performance of static and dynamic reservoir to each 
parameter of interest. Then conclude based on the observation of the results. 
3.6. Spring rate determination 
Knowing the effective area of the piston (0.1111 m2), which was assumed to be the effective 
area of the reservoir, the force that 5 bars of compressed air will exert on that piston was 
calculated. Knowing the effective length of the reservoir (0.9 m), which was the distance the 
piston could travel and maximum deflection of the spring, the spring rate (1) was determined.   
Table 3.3: Physical dimensions of reservoir 
Reservoir physical dimensions 
Description Dimension 
Volume  Vr = 0.1000 m
3 
Area Ar = 0.1111 m
2 
Length Lr = 0.9000 m 
Pressure inside Pir = 5.000 bars 
 
𝐹𝑜𝑟𝑐𝑒 = 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 × 𝐴𝑟𝑒𝑎 ⇔ 𝐹 = 𝑃𝑖𝑟  × 𝐴𝑟    Equation 3.1 
Spring Force = Spring stiffness × Spring deflection ⇔ Fs  = k × δ Equation 3.2 
Spring deflection = Initial length − Final length ⇔ δ = lin − lf  Equation 3.3 
Initial length − Final length = Reservoir Effective length = 0.9 m 
To understand how the spring rate affected the performance of the dynamic reservoir, 
variations were introduced. Three different spring stiffnesses were considered and were 
determined as shown in the following subsection. Using calculations, the following 
experimental spring rates values were determined: 
Table 3.4: Spring rates determined magnitudes 
Spring Rate Magnitudes 
Description Magnitude Method of determination 
First Force 55.5500 kN By using equation 3.1 
Spring rate (1) 61.7222 kN m⁄  By using equations 3.2 and 3.3 
Spring rate (2) 30.8611 kN m⁄  Dividing spring rate 1 by 2 
Spring rate (3) 9.3200 kN m⁄  Using the experienced piston force 
Experienced force 8.3883 kN From spring after 1st simulation 
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The three considered spring rates are as follow:  
• The initial spring rate or spring rate (1),  
• The half spring rate or spring rate (2), this is half of the spring rate (1) and  
• The new spring rate or derived spring rate or spring rate (3). 
The new spring rate was determined by using the maximum force in the spring during the first 
simulation with the spring rate (1). The spring rate (1) which was determined when considering 
the pressure of 5 bars and the reservoir’s area was too large in magnitude. Thus, the need to 
consider lower spring rates. These variations on the values of the spring rates were necessary 
because they provided more insight into the effect that different spring rates will have on the 
performance of a dynamic reservoir. 
3.7.  Summary of Methodology 
Chapter 3 presented the complete methodology and approach that was utilized in this research 
project. The work started with a laboratory experiment and continued on a computer 
simulation. The experimental results obtained from the laboratory experiment provided data 
for the simulation. The intention was to reproduce the experimental results on a computer 
simulation to ensure that the simulation results will be reliable. Two air compressors were 
utilized, the first one was driven by an internal combustion engine and the second one by an 
electric motor. The materials utilized during the experiment are illustrated and described where 
necessary. The simulation model was explained, the configurations and the settings of 
parameters were systematically presented for every single block in the simulation model. That 
was done to enable any scholar to reproduce this entire work from the laboratory experiment 
to the computer simulation and obtain similar results. It should be noted that every Simscape 
block used in the simulation model has its own set of mathematical equations and theorems 
governing its functionality. Those aspects of the simulation model were not covered because 
MATLAB made the necessary components ready to use and to combine when needed. 
However, the equations can be found on the MATLAB software. The steps followed during 
the experiment and simulation were listed. The content of this chapter presents the two 
reservoirs that were investigated, namely the static and the dynamic. The constituents and 
configurations of those two distinct reservoirs were presented. In this section, the determination 
of the spring rates for the dynamic reservoir was demonstrated. The section ends with this 
summary. 
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4. Chapter 4: Research Results 
4.1. Introduction 
This section provides the details about the results obtained from the experimental investigation 
and the simulations performed. The physical experiment was conducted first in a laboratory 
and provided the data for the simulation, which was performed on a computer. The results 
obtained are reported chronologically. The charging and discharging periods pertaining to the 
physical experiment are presented first, then the simulation results follow. The experimental 
results are presented in two ways, the tabulated and the graphical format. The simulation results 
are presented in graphical format only, as far as this chapter is concerned. MATLAB made it 
easier to generate solutions graphically with data callout. Brief comments are made after every 
result presented. This chapter is also a preparation for the discussion and finding chapter where 
results from the experimental investigation and simulation are compared.  
4.2. Experimental Results 
The experiment was conducted four (4) times within a period of 4 hours. This allowed for more 
precise observation of the compressed air trend during charging and discharging periods. These 
experiments were done to get the necessary data that could be reproduced in a simulation 
environment. The air compressor unit from the experimental investigation used an air reservoir 
that is referred to as a static reservoir. Because in that reservoir there was no movement and no 
additional energy accumulative mechanism. Within the software environment, after validation 
of the experimental data, the static reservoir was easily replaceable with a dynamic reservoir. 
This helped to obtain more precise differences between the two reservoirs without them being 
both physically built. Table 4.1 presents the recorded experimental data.  
 Table 4.1: Physical Experiment Overall Data 
The experiment showed that it took on average a minimum of approximately seven minutes 
(7’07”) to charge the 100 litres static reservoir from 0 to 5 bar. The experiment also showed 
that a maximum of approximately four minutes (3’50”) was needed to discharge the same static 
reservoir from 5 to 0 bar, details of the trends are shown in Figures 4.1 and 4.2. 
Experiment 
Number 
Charging Time 
[min] 
Pressure 
[bar] 
Discharging Time 
[min] 
Pressure 
[bar] 
1 7.08 5.00 3’50” 0.00 
2 7.07 5.00 3’49” 0.00 
3 7.06 5.00 3’46” 0.00 
4 7’07” 5.00 3’49” 0.00 
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Table 4.2: Charging period detail data 
Charging Time [Second] Reservoir Pressure [bar] 
0.000 0.000 
13.00 0.500 
25.00 1.000 
41.00 1.500 
62.00 2.000 
84.00 2.500 
115.0 3.000 
152.0 3.500 
200.0 4.000 
262.0 4.500 
424.2 5.000 
Each stage during the reservoir charging period as represented in table 4.2 had a corresponding 
pressure. To visualize the result that was obtained from the experiment, a graphical 
representation was made. Figure 4.1 shows the results at an increment of 0.5 bar with 
corresponding time in second. A logarithmic curve resulted from the plotting of the data.  
It was observed that, the higher the pressure was getting inside the reservoir, the longer it started 
to take to increase the reservoir pressure by one unit. It was believed that getting a uniformly 
distributed high pressure inside the reservoir was one reason for the observation. Another 
reason was the resistance of the inner fluid pressure to the incoming compressed fluid pressure. 
13, 0.5
25, 1
41, 1.5
62, 2
84, 2.5
115, 3
152, 3.5
200, 4 262, 4.5
424.2, 5
0
1
2
3
4
5
6
0 50 100 150 200 250 300 350 400 450
R
es
er
v
o
ir
 P
re
ss
u
re
 [
B
ar
]
Charging Time [Second]
Reservoir Pressure vs Charging Time
Figure 4.1: Charging period graphical representation 
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The result of the discharging period can be found in table 4.3 and is graphically represented in 
figure 4.2. A pressure decrement of 0.5 bar with corresponding time in second is shown.  
Table 4.3: Discharging period detailed data 
Discharging Time [Second] Reservoir Pressure [bar] 
0.100 5.000 
5.600 4.500 
12.70 4.000 
19.48 3.500 
32.06 3.000 
43.96 2.500 
55.60 2.000 
73.84 1.500 
96.30 1.000 
142.3 0.500 
229.7 0.000 
Table 4.3 and figure 4.2 are images of each other that are presented using different methods. 
The graphical representation of the results generated a decaying exponential curve. Which 
provided an understanding of the logarithmic curve that was observed in the case of the 
charging period. From mathematics, it is known that the two functions are inverse of each other.  
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Figure 4.2: Discharging period graphical representation 
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It was observed that, at the beginning of the discharging period, the compressed air was leaving 
the reservoir at a rapid rate. However, as the reservoir pressure decreased, the rate at which the 
compressed air was exiting the reservoir decreased and that trend continued until the pressure 
inside the reservoir was equal to the atmospheric pressure. It was noted that the higher the 
pressure difference between the two systems, the faster the flow will be from the higher to the 
lower system. The discussion section will provide additional details about this observation. 
The charging and discharging period of the static reservoir was done on two separate phases. 
As a result, they were tabulated and plotted separately. However, it was necessary to combine 
the two processes to create a synchronization of the times and a continuation of pressures.  
Table 4.4 shows the combined results from the charging and discharging period. The pressure 
variations with their corresponding time are tabulated to facilitate the overview of the results. 
Table 4.4: Combination of charging and discharging time versus pressure variation 
The combination of the results permitted a graphical representation of the charging and 
discharging period on the same plot. Figure 4.3 shows the overall graphical representation of 
the physical experiment results in one curve. The combined graph is useful for the validation 
of the simulation model, which is done in the subsection 4.3.2. 
Experimental Pressure 
Variation [bar] 
Time [Sec] Simulation Pressure Variation 
[bar] 
1.010 1.000 1.011 
1.020 13.00 1.039 
1.100 25.00 1.112 
1.500 41.00 1.190 
2.000 62.00 1.414 
2.500 84.00 1.718 
3.000 115.0 2.379 
3.500 152.0 3.235 
4.000 200.0 4.328 
4.500 262.0 4.888 
5.000 424.2 5.000 
5.000 424.3 5.000 
4.500 429.8 5.000 
4.000 436.9 4.812 
3.500 443.7 4.246 
3.000 456.3 3.362 
2.500 468.2 2.745 
2.000 479.8 2.388 
1.500 498.0 1.891 
1.250 520.5 1.564 
0.995 566.5 1.223 
0.800 653.9 1.123 
 
58 
 
By Kabinga R.K.N. Copyright © University of Johannesburg, South Africa  
It was observed that, during the charging phase, the higher the pressure was getting inside the 
reservoir, the longer it started to take for the pressure to increase by one unit. The curve of the 
graph during the charging period was becoming curvier. During the discharging time, however, 
the inverse of the charging phase was observed. The air left the reservoir at a rapid rate and 
with high pressure in the beginning, and the curve of the graph was steep. But as the pressure 
inside the reservoir dropped, the rapid flow dropped as well, and the curve of the graph was 
becoming curvier and curvier.   
In summary, the results reported appeared to be reliable for further use in the simulation part 
of the investigation. This experiment supported the hypothesis that was made regarding the 
static reservoir. The experiment showed that the charging and discharging of a compressed air 
reservoir (as far as a static reservoir is concerned) are inverse operations. The charging 
operation follows approximately a logarithmic path, while the discharging operation follows 
approximately an exponential path. From mathematics, it is known that the two functions are 
inverse of each other. These results provided data for the simulation whose objective was to 
give insight into the storage charging and discharging characteristics of the dynamic reservoir, 
of course in comparison to the static reservoir. 
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Figure 4.3: Combined graphical representation of the experiment results 
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4.3. Simulation Results 
The simulation was performed with the two reservoirs, the static and the dynamic. After 
conducting the experimental investigation, the collected data provided a frame of reference for 
all the simulations and served as a starting point. The simulation was done with the static 
reservoir first. The aim was to assess the ability of the simulation model to reproduce the results 
obtained experimentally. The simulation model was fine-tuned until the results from the 
physical and simulation with a static reservoir became relatively close enough. Then the 
dynamic reservoir was introduced in the model under the same finely tuned conditions. The 
test results for both reservoirs were recorded. This research focused on specific parameters 
governing the performance of a storage mechanism in a pneumatic network. The pressure, 
density, mass flowrate, and temperature for the static reservoir, and the dynamic reservoir came 
also the force acting on the piston and the spring deflection. In the case of the simulation, the 
charging and discharging periods were combined into a single graph for every parameter. This 
section of chapter 4 gives in detail the results of the simulation with brief comments.  
4.3.1. Static Reservoir Simulation Results 
The simulation result starts with the pressure, showing graphically the variation of this 
parameter of interest in the figure with data callout. The double representation, with and 
without data callout, is made for more clarity into the results. The additional graphical results 
are presented in appendix A.  
The 653 seconds was enough to charge and discharge the reservoir from 0 to 5 bar and from 5 
to 0 bar respectively. The charging process took 424.2 seconds and the discharging process 
took 229.76 seconds. This relationship charging-discharging process versus time remained the 
same for every simulation that was run. Briefly, it can be stated that the parameters, settings, 
and conditions remained the same during simulation with static and dynamic reservoir. 
This paragraph serves as a reminder for some important dimensions and features of the 
reservoirs. All flow ports in the model, whether inlet or outlet, had the diameter size of 10 
× 10−3 m. The reservoir’s volume was 0.1  m3. The reservoir’s inside area was 0.1111 m2. 
The reservoir’s length was 0.9 m. Other important parameters are shown under the modelling 
and simulation procedures in subsection 3.4 and under the approach, subsection 3.5.  
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1. Pressure inside the static reservoir: Figure 4.4 shows the pressure variation inside the 
static reservoir under the simulation conditions for both processes, charging, and 
discharging. See conditions in the simulation method under the methodology chapter.  
 
The graph shows that when the time was equal to 0 seconds, the pressure was 0.80214 bar. 
The pressure in the network was never an absolute 0. At 153 seconds, the pressure was 
2.99 bar. At 240 seconds, the pressure was 4.9 bar. For about half of the charging period, 
which is from time equal 240 to 424.2 seconds, the pressure remained almost constant with 
a maximum value of 4.9997 bar. The discharging process started at time equal 434 seconds 
with a pressure of 4.9996 bar and ended at time equal 652.5 seconds with a pressure of 
1.0856 bar. During the discharging process, the compressed air exited the reservoir at a 
rapid rate which explains the steep curve. But at time equal 533 seconds and a bit earlier, 
the flow started to drop significantly, and the curve became gradually less steep.  
 
The static reservoir’s pressure never reached 5 bar. It took 240 seconds to reach the 
maximum pressure which was 4.9 bar. For 194 seconds the pressure inside the reservoir 
remained almost constant. It took 218 seconds for the compressed air to completely exit 
the reservoir. The pressure in the static reservoir behaved as was predicted under section 
1.3, research hypotheses. The slow increase during the charging process and slow exit 
during the discharging process characterise the performance of the static reservoir.
Figure 4.4: Pressure variation inside Static Reservoir 
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2. Density inside the static reservoir: at first look, it seems like the density of the compressed 
air inside the reservoir varied similarly to the pressure. But appearances can be deceiving. 
Because a closer look in figure 4.5 shows that the density of the gas was never constant. 
This observation clearly distinguishes the density variation from the pressure.  
 
Figure 4.5 shows that at time equal 2 seconds, the density was 0.9314 kg m3⁄ . The density 
gradually increased during the charging period until time equal to 251 seconds with density 
5.4578 kg m3⁄ , then the curve steepness slowed. From 251 seconds to 433 seconds, which 
is 182 seconds, the density only increased by 0.3162 kg m3⁄ .  
 
The discharging period started at time equal 433 seconds and density equal 5.7749 kg m3⁄  
maximum and ended at time equal 652.5 seconds with a density of 1.2746 kg m3⁄ . The 
density dropped quicker during the discharging than it increased during charging. From 
433 to 548.5 seconds (that is 115.5 seconds), the density went from 5.7749 to 1.6909 
kg m3⁄ . From 1.6909 kg m3⁄  to 1.2746 kg m3⁄  it only took 104 seconds. The density 
increased slowly during the charging process but decreased dramatically during the 
discharging process. The experiment showed that the density and the pressure of a gas are 
directly proportional, and their tendencies are closely similar.   
Figure 4.5: Density variation inside Static reservoir 
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3. Mass flowrate in the network: the simulation model comprised two mass and energy 
flowrate sensors. The first one was placed such that it measured the flow of gas going in 
the reservoir, that was between the valve and the reservoir. the second one was placed such 
that it measured only the flow of gas exiting the reservoir, that was between the valve and 
the pressure discharge. Figures 4.6 and 4.7 represent the graphical results of the gas mass 
flowrate for the charging and discharging period respectively. 
 
Figure 4.6 depicts the flow variation, the positive flow during the charging period, and the 
negative flow during the discharging period. The change in flow direction caused the first 
flowrate sensor to interpret flow during discharge as negative, meaning the opposite flow.  
 
Figure 4.6 shows that at time equal 0 seconds, the flowrate was 1.1137 × 10−7  kg s⁄  . That 
value was so small that it was considered as no flow condition. At time equal 175 seconds, 
the flow hit its highest point of the charging period which was 0.0030467 kg s⁄ . After 
reaching its highest value, slowly the flowrate dropped until time equal to 434 seconds, 
where the flowrate was -9.123 × 10−7  kg s⁄ . At that point, the charging process finished, 
and the discharging process was taking over. The first flowrate sensor measured a 
maximum flow of -0.009243 kg s⁄ , and that was during discharge. It should be noted that 
on the second flowrate sensor shown in figure 4.7, during the charging process, no 
variation was observed due to flow obstruction by the 3-ways directional valve. 
Figure 4.6: Flowrate from first mass flow sensor 
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The discharge flow was not negative from the second flowrate sensor prospective. The highest 
flowrate of the simulation process was measured during the discharging period. 0.0092371 
kg s⁄  was the highest measured. At time equal 0, the second flowrate sensor measured 1.3204 
× 10−7  kg s⁄ . The flowrate became gradually smaller as the charging was occurring. At the 
beginning of the discharging process when the time was equal 433 seconds, the flow rate was 
the lowest and 6.8687 × 10−8  kg s⁄  was measured. The discharging process started at time 
equal 438 seconds with flowrate of 0.0092371 kg s⁄ . The flow gradually dropped. At time equal 
652.5 seconds, the flow rate was measured to be 3.7727 × 10−5  kg s⁄ . The discharging period 
ended with the mass flow rate approaching its lowest value of the entire simulation.      
A close observation into the graph from the first flow rate sensor shows that there was a great 
acceleration of gas during exit from the reservoir. The second flowrate sensor confirms that 
observation. During charging, the flow gradually rose until the 175th second, then dropped until 
the end of the process generating a parabola. During discharge, the curve was exponential from 
the start until the end. Figure 4.6 provides a full picture of the compressed air mass flowrate 
for the entire simulation process. The flow during discharge is negative because of the way the 
gas enters the sensor, which was opposite the normal flow direction of the block. Figure 4.7 
supports figure 4.6. The maximum flow (0.0092371 kg s⁄  ) occurred during discharge, and the 
minimum flow (6.8687 × 10−8  kg s⁄ ) occurred during the switch from charge to discharge. 
Figure 4.7: Flow rate from second mass flow sensor 
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4. Temperature inside the static reservoir: the temperature was included in the list of 
parameters of interest because when compressing or circulating gas, its temperature always 
varies significantly. The temperature of a gas is closely dependent on its pressure, volume, 
and density in a recipient and vice versa. Thus, it was essential to show how the temperature 
trend developed during the entire simulation process.  
Figure 4.8 represents the temperature variation during the charging and discharging 
process of the simulation experiment. The graph shows that at time equal 0 seconds, the 
temperature inside of the reservoir was 300.0719 K. When the time became 152.9 seconds 
during the charging process the temperature reached its highest value and 329.3753 K was 
measured. After that, the temperature slowly dropped until the end of the charging period. 
That was when time equalled 434 seconds and temperature was 301.638 K. During the 
discharging period, from time equal 434 to 652.5 seconds, the minimum measured 
temperature was 259.5 K. That was the lowest temperature of the entire process.  
Unlike the other parameters, the curve of the temperature came closer to being 
symmetrically opposed between the charging and discharging process. During charging, 
the temperature slowly increased and when it reached its highest, it started to drop taking 
more time than it took to rise. During discharging, the temperature slowly dropped to its 
lowest, then it started to rise taking more time than it took to drop. 
Figure 4.8: Temperature variation inside static reservoir 
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4.3.2. Validation of Simulink Model and Error Evaluation  
In this subsection, the pressure trends from the experiment and simulation with the static 
reservoir are presented on the same figure. The aim was to provide an error evaluation and a 
direct comparison between the results by showing visually and numerically how much the 
experimental and simulation results deviated from each other, so that the model could be 
validated. The data presented in table 4.4 was used to plot the graphs in figure 4.9.  
 
In figure 4.9, the curvatures of the simulation trend are not as smooth as in figure 4.4. The 
reason is that, only 22 data points were considered for manually plotting the graph in Microsoft 
Excel. This approach simplified the complexity of the evaluation between the experimental and 
the simulation results. It allowed the comparison to be effectuated at specific pressure points. 
Considering the time at which pressure variation occurred, 11 data points were plotted for the 
charging process and 11 for the discharging process. 
 
Figure 4.9: Combination of Experimental and Simulation Result with Static Reservoir 
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Using equation 4.1 and 4.2, the error between the experimental and simulation result was 
determined. The error was calculated between specific data points and the highest was found 
to be approximately 30 %, occurring when the time was 84 second during the charging process. 
Considering the experimental result as representing the real behavior of the system, the 
simulation result was found to be deviating by 7.676 % on average. The representation of error 
evaluation in percentage and the combination of the experimental and simulation results 
permitted the validation of the simulation model.   
 
% 𝐸𝑟𝑟𝑜𝑟𝑃𝑜𝑖𝑛𝑡1 =  |
(𝑆𝑖𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛−𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡)
𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡
| × 100     Equation 4.1 
 
% 𝐷𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 = (
|𝑆𝑖𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛−𝑚𝑒𝑎𝑛|
𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡
) × 100      Equation 4.2 
 
The discrepancies in results can be attributed to the condition of the experimental apparatus 
which had minor error tolerance margins, and to random experimental errors. It should also be 
noted that the experimental and simulation pressure during the discharging process never went 
back to zero bar. The measuring instrument could read zero bar, but the reservoir contained 
pressure of about the atmospheric value, related to the altitude of the location and temperature.   
After conducting the experimental investigation with the static reservoir, the collected data 
provided a frame of reference for all the simulation and served as a starting point. The 
simulation was done with the static reservoir first. The aim was to assess the ability of the 
simulation model to reproduce the results obtained experimentally. The simulation model was 
fine-tuned until the results from the physical and simulation with a static reservoir became 
relatively close enough. This subsection supports the statement that was made about the 
simulation result, which became close enough to experimental result. Table 4.4 and Fig. 4.9 
support the exercise that aimed to validate the simulation model.  The dynamic reservoir was 
introduced in the model under the same finely tuned conditions.  
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4.3.3. Dynamic Reservoir Simulation Results 
The results from the simulation performed with the dynamic reservoir are given in this section. 
Three spring rates were considered for the assessment of the performance of the dynamic 
reservoir. At different stages of the simulation, three values of spring rate were allocated and 
investigated. The rationale behind the idea of different spring rates was to observe briefly but 
closely how the performance of the reservoir was changed under different spring stiffnesses. 
The effect different spring rates had on the performance of the dynamic reservoir is discussed 
in chapter 5.  When the simulation was performed with the static reservoir only four parameters 
of interest were considered. However, in the case of the dynamic reservoir, they were two 
additional parameters of interest. This section deals with the simulation results for the pressure, 
density, mass flowrate, and temperature. The additional parameters were the force acting on 
the spring and the spring deflection. Brief interpretations of results are made in terms of 
comments for every parameter of interest.   
• Initial Spring Rate (Spring rate 1) 
This was the first time the dynamic reservoir was introduced in the simulation model and the 
results are reported in the following subsections. The initial spring rate was determined as 
described in chapter 3, under the subsection approach. It is referred to as initial because it was 
the first to be analysed, and from it came the other two spring rates. As previously mentioned, 
the half spring rate and the new spring rate served the same purpose under different instances. 
Their purposes were to show how the variation of the spring rate will affect the performance 
of the dynamic reservoir. It should be kept in mind that the principal discussion ought to take 
place around the comparison between the static and dynamic reservoir in terms of their 
performances under similar conditions. Once that was achieved, then a discussion around the 
effect of different spring rates occurred, comparing the dynamic reservoirs of different spring 
rates operating under the same conditions. The following represent the forces and spring rates.   
Force generated by pressure = 55.55 kN    determined by using Eq: 3.1 
Initial Spring rate (1) = 61.7222 kN m⁄     determined by using Eq: 3.2 & .3 
Half initial Spring rate (2) = 30.8611 kN m⁄   by half the initial spring rate 
Force experienced by spring = 8.3883 kN   determined by derivation 
New Spring rate (3) = 9.32 kN m⁄     determined from force experienced  
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1. Pressure Inside the dynamic reservoir: figure 4.9 shows the pressure variation during the 
entire simulation process. The graph shows that at time equal 0 seconds the pressure was 
just above 1 bar, then the charging process began. At time equal 48 seconds, the pressure 
rose to 1.5618 bar. It only took 71 seconds for the pressure to rise from 1.5618 bar to 4.9951 
bar. The rapid rise was remarkable and gave the first insight into the performance of the 
dynamic reservoir. from 119 to 433.8 seconds the pressure remained almost constant. 
However, it reached its highest point at time equal 409 seconds with the experimental 
maximum pressure value of 5 bar. The discharging process started at time equal 433.88 
seconds with a reservoir pressure of 4.9998 bar. The rapid compressed air exit during the 
discharging period was more remarkable than during the charging. The reservoir pressure 
dropped from 4.9998 to 1.0341 bar in just 34.8 seconds. The rapid exit seemed to slow 
down at time equal 450 seconds with a corresponding pressure of 1.5493 bar.  
The observation can be summarised as follow:  it took 119 seconds for the reservoir 
pressure to rise from 1 to 4.9951 bar. From 119 to 433.8 seconds the pressure remained 
almost constant, however, it reached its maximum value of 5 bar at 409 seconds through 
the process. The discharging process was very short, the pressure went from 4.9998 to 
1.0341 bar in just 34.8 seconds.   
Figure 4.10: Pressure variation inside dynamic reservoir 
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2. Density inside dynamic reservoir: the charging process started at time equal 1.6 seconds 
and the density was 1.18 kg m3⁄ . Around 48 seconds through the process, the density of 
the compressed air increased to 1.719 kg m3⁄ . From that point on, a rapid and sudden 
increase was observed. At time equal 116.7 seconds the density was 4.9037 kg m3⁄ . The 
trend adopted a less steep trajectory with a slow but gradual increase. From time equal 
116.7 to 433.6 seconds, the density increased from 4.9037 kg m3⁄  to 5.7256 kg m3⁄ . The 
discharging process was very quick. It started at time equal 433.6 seconds with a maximum 
density of 5.7256 kg m3⁄ . The rapid discharge caused the density to drop from 5.7256  to 
1.1802 kg m3⁄  in just 42 seconds. At time equal 449.6 seconds there was a slight change in 
the steepness of the discharge curve, the density was 2.4987 kg m3⁄ . At time equal 468.6  
seconds, another change in curve’s steepness occurred. The density dropped to 1.7434 
kg m3⁄ , from there it dropped slightly to 1.1802 kg m3⁄ , and continued to end the process. 
 
The charging process required 46 seconds for the density to increase from 1.18 to 1.719 
kg m3⁄ . Then 68 seconds for the density to increase from 1.719 to 4.9037 kg m3⁄ . Finally, 
it took 316.9 seconds for the density to go from 4.9037 to 5.7256 kg m3⁄ , which was the 
highest recorded value. The discharging process lasted 42 seconds. It ended 178 seconds 
earlier than it should. Again, the effect of the spring on the performance was significant.
Figure 4.11: Density variation inside dynamic reservoir 
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3. Mass flow rate in the network: the simulation model was fitted with two mass and energy 
flowrate sensors. The first sensor was placed between the valve and the reservoir, 
measuring the flow during charging. The second sensor was placed between the valve and 
the pressure discharge, measuring the flow during discharge. Figure 4.11 and 4.12 
graphically represent the mass flowrate for the entire duration of the simulation. On figure 
4.6 the flow varies positively during the charging period and negatively during the 
discharging period. The negative flow was a result of the change in flow direction during 
the discharge process. That was explained under the static reservoir simulation result.   
 
Figure 4.11 shows that at time equal 0 seconds, the measured flow was 1.5307 
× 10−6  kg s⁄ . The charging process started at that point. At time equal 48.5 seconds, the 
flow increased linearly to reach 0.0009192 kg s⁄ . At that point a change occurred, the flow 
continued to increase but this time following a parabolic path until it reached a pick value 
of  0.001273 kg s⁄  at time equals 77.9 seconds. From its highest value, slowly the flow 
began to drop following a parabolic path until it reached time equal to 121 seconds where 
the flow rate was 0.0001205 kg s⁄ . After that point, the flow path changed again. This time 
it gradually dropped until time equal 433 seconds with a flow rate of 4.6873× 10−6  kg s⁄ . 
The charging process finished, and the discharging process took over. The first flowrate 
sensor measured a maximum flow of -0.007627 kg s⁄ , and that was during discharge. 
Figure 4.12: Flow rate from first sensor 
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From the second flow rate sensor prospective, the discharge flow was not negative. The highest 
flow rate of the simulation process was measured during the discharging period as shown in 
figure 4.12 and it was 0.008185 kg s⁄ . At time equal 0, the second flowrate sensor measured -
2.365 × 10−7  kg s⁄ . The flowrate slightly increased as the charging was occurring but 
remained insignificant. At the beginning of the discharging process when the time was equal 
434 seconds, the flow rate was 5.1711 × 10−6  kg s⁄ . The discharging process started at time 
equal 438 seconds with a flowrate of 0.008185 kg s⁄ . The flowrate dropped linearly and very 
fast. At time equal 449.6 seconds, the flow was measured to be 0.002764 kg s⁄ . A linear path 
continued from that point until time equal 474.8 seconds with a flowrate of 1.2897×
10−5  kg s⁄ .  The discharging period ended at time equal to 474.8 seconds, which was 178 
seconds earlier than it should take.      
Figure 4.11 gives a full picture of the path of the compressed air mass flowrate for the entire 
simulation process. The flow during discharge was negative because of the way the gas enters 
the sensor, which was opposite the normal flow direction for that block. Figure 4.11 and 4.12 
are complementary to each other even though slight differences in values can be observed. The 
maximum flow (0.008185 kg s⁄  ) occurred during discharge. The charging occurred during the 
entire process. Whereas, it took 36.6 seconds for the compressed air to completely exit the 
reservoir. The acceleration of gas during exit can be observed in those two represented graphs.    
Figure 4.13: Flow rate from second sensor 
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4. Temperature inside dynamic reservoir: figure 4.13 represents the temperature variation 
during the charging and discharging process of the simulation experiment. The graph shows 
that at time equal 0 seconds, the temperature inside of the reservoir was 293.5141 K. After 
48.6 seconds into the charging process, the temperature increased linearly to 317.6673 K. 
After that point, the temperature continued to rise parabolically until it reached its highest 
value of 360.8814 K at time equal 91.9 seconds. From the highest point, the temperature 
gradually dropped until the end of the charging period, which was at time equal 433.6 
seconds and 304.2653 K. During the discharging period, from time equal 434 to 652.5 
seconds, the minimum measured temperature was 200.2729 K, the lowest of the entire 
process. The variation during the discharging period took place between time equal 433.6 
and 476.6 seconds, 43 seconds in total. After that, the temperature remained almost constant 
at 299.8937 K, until the end of the process at time equal 651.8989 seconds and 300.477 K.  
 
The temperature during the charging period took less time to rise, then slowly decreased 
taking more time. The rise and drop during charging covered the whole span of the period. 
During the discharging period, the temperature experienced a rapid drop to its lowest, then 
it rose taking less time than it took to drop. The drop and rise during the discharging took 
place within 43 seconds of the process. Those are the effect of the dynamic reservoir. 
Figure 4.14: Temperature variation inside dynamic reservoir 
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5. Force experienced by spring: the compressed air pressure of 5 bar exerted a force of 
55.55 kN on the piston that was inside the cylinder. The force experienced by the piston 
was distributed across the storage mechanism, mainly in the cylinder wall and the helical 
spring. This section deals with the force that the spring experienced. Because that force was 
utilised to determine the new spring rate. Figure 4.14 represents the variation of the force 
in kN, that the spring experienced during the charging and discharging process.  
 
At time equal 0 seconds, the force was -0.002608 kN. Force is a vector quantity. The force 
acting on the spring is positive, but the react of the spring is equal and opposite. From time 
equal 0 to 48.5 seconds, the force experienced by the spring increased from -0.002608 to -
6.1741 kN. From time equal 48.5 to 114 seconds, the rate at which the force was increasing 
slowed, at time equal 114 seconds the force was -8.3738 kN. The force remained almost 
constant until the end of the charging process where time was equal 434 seconds with a 
force of -8.3879 kN. At the beginning of the discharging period, time equal 434 seconds, -
8.3879 kN was stored in the spring as strain energy. When compressed air started to exit 
the reservoir, the spring released its energy on the piston, and the last exerted a force on the 
gas accelerating its exit. At time equal 449.6 seconds, the force decreased to -6.1627 kN. 
From time equal 449.6 to 472.9 seconds a rapid decline occurred, where the force dropped 
from -6.1627 to -0.003729 kN. No significant variation was observed after that.  
Figure 4.15: Force experienced by spring 
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6. Spring deflection: the spring deflection occurred proportionally to the force acting upon 
the piston. The magnitude of the deflection is negative because the spring was being 
compressed. Figure 4.15 shows the variation that happened as the spring inside the dynamic 
reservoir was being compressed during charging and was stretching during discharge.  
 
The spring started to move at time equal 1 second and the deflection was -3.555 × 10−5 m. 
From that point, a sudden and rapid move started to take place until time equal 48 seconds 
and deflection -0.0998 m. After that point, the deflection continued following a less steep 
path. At time equal 114 seconds, the deflection was -0.1356 m. From that point, the spring’s 
deflection remained almost constant until the end of the charging period, at time equal 
433.6 seconds and -0.1359 m deflection. When the discharge started at time equal 434 
seconds, the deflection was maximum at -0.1359 m. A rapid stretch of the spring occurred 
such that 15 seconds only after the discharging process started, at time equal 449.5 seconds, 
only -0.1 m of the spring was still compressed. Then a swift stretch took place from time 
equal 499.5 to 472.9 seconds, the spring stretched from -0.1 to -6.0427 × 10−5 m. From 
that point, a less substantial stretch continued to happen until the end of the discharging 
period at time equal 651.8 seconds and deflection -9.891 × 10−7 m. The deflection started 
rapidly, then continued slowly until the charging process ended. The stretching happened 
in the same fashion, it took only 40 seconds to stretch considerably, then it relaxed. 
Figure 4.16: Spring deflection and stretch inside dynamic reservoir 
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4.4. Summary of Research Results 
In summary, under chapter 4, all important results have been presented. The chapter started 
with a short introductory paragraph under which the contents of the chapter were briefly 
described. The results of the experimental investigation were presented first. Under the section 
related to the description of the experimental results, and only the static reservoir was covered. 
Because apart from providing insight into the performance of the most commonly used system 
for compressed air storage, the static reservoir physical dimensions were used to develop a 
suitable simulation model of reservoirs for all the types that were evaluated. The results 
obtained from the experimental data with the static reservoir were utilized as bases for the 
simulation. The simulation results were described in two subsections. The first subsection dealt 
with results from the test conducted with the static reservoir and the second subsection dealt 
with results obtained from the simulation performed on a dynamic reservoir. Comments were 
made for every graphical result that was presented. A brief explanation of every result was 
given. One set of results was not presented under this chapter, and that was the result of testing 
with a dynamic reservoir of different spring rates. Those results are considered secondary 
because the main objective of the research was to investigate the performance of the static and 
the dynamic reservoir. Upon successful performance comparison between the two reservoirs, 
additional discussions will be held to cover the effects that different spring rates have on the 
performance of a dynamic reservoir. It was believed that all the important results were 
presented in this section. 
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5. Chapter 5: Research Discussion and Findings 
5.1. Introduction 
This chapter covers the discussion of the results presented in chapter four. In this section, the 
results are discussed in keeping in mind the objectives, questions, and hypotheses of this 
research work. This chapter comprises two important headings; the discussion and the 
summary of findings. Under the discussion heading, the results are interpreted based on the 
sequence that was followed in chapter 4. A comparative approach is utilised to facilitate an 
overview of the results. The discussion is supported by tables of results and graphs. The 
summary of the discussion, the interpretation of the results are linked to the objectives and the 
hypotheses of the research that were made in chapter 1. Chapter 4 and 5 support each other.  
5.2. Discussion 
The results of this investigatory research are discussed under four headings in this section. 
Time is the unifying factor in understanding what was going on during the experiments. How 
fast or slow a process happened to be, and the reason why these are the pillars of this discussion. 
The objective of this research was to determine whether one reservoir performed better than 
another as far as compressed air storage was concerned. It was the results obtained after 
conducting the physical experiment with the static reservoir that made the simulation possible. 
For that reason, the comparison of the results starts with the physical experiment versus the 
simulation results for the static reservoir. The first section under discussion attempts to show 
that the simulation with the static reservoir managed to reproduce the physical experiment 
results, which gave credibility to the simulation model. The simulation results for the static 
reservoir was also utilised as a reference for all the other computer simulations performed. The 
second section deals with the comparison between the static and the dynamic reservoir. Under 
this subsection, the performances of both reservoirs are compared, and the differences are 
highlighted. The third and fourth subsections take care of the comparisons between dynamic 
reservoirs of different spring rates. The subsections try to show how different spring stiffness 
in a dynamic reservoir will affect its performance, all that is based on the interpretation results. 
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5.2.1. Experiment versus simulation results for static reservoir 
This subsection makes a comparison between static reservoir results obtained from experiments 
and simulation. This comparison needed to be shown because all simulations relied on the 
experimental data. To know whether the simulation results with the dynamic reservoir will be 
accurate, the simulation results with a static reservoir had to show similar trends with the 
experimental results with the same reservoir. And that was successfully done.  
Table 5.1 summarises the comparison of results obtained during experimental investigation 
and simulation with the static reservoir. The maximum pressure during the experiment was 5 
bar, and the minimum was 0 bar. It is noticeable that the pressure during simulation with a 
static reservoir never reached 5 bar. The maximum recorded was 4.999 bar and that occurred 
during the charging process. Whereas the minimum pressure was 1.086 bar which occurred 
during discharge, and this pressure was considered as atmospheric because the reservoir sensor 
will always read something. Table 5.1 shows that the experimental and simulation results for 
the static reservoir were significantly close. The only major difference observed had to do with 
the time needed to reach the maximum pressure. It took 424.2 seconds to reach 5 bars during 
the experiment and 350.6 seconds to reach 4.999 bar during the simulation. Figures 5.2 and 5.3 
are complementary to table 5.1, gives the same illustration, but in different formats.     
Table 5.1: Pressure variations comparisons between physical and simulation experiment 
Pressure variation in static reservoir 
 Physical Experiment Simulation Experiment 
Parameters of 
Interest 
Charging Period Discharging Period Charging Period Discharging Period 
Magnitude 
Time 
[Second] 
Magnitude 
Time 
[Second] 
Magnitude 
Time 
[Second] 
Magni
tude 
Time 
[Second] 
Pressu
re 
[bar] 
Start 0.0000 0.0000 5.0000 424.30 0.8000 0.0000 
4.999
6 
434.20 
Max 5.0000 424.20   4.9997 350.70   
End 5.0000 424.20 0.0000 653.90 4.9996 434.20 
1.089
0 
652.60 
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The experimental results provided the pressure variation only. However, the simulation, in 
addition to the pressure, it provided more parameters of interest from which only three were 
found relevant for this part of the discussion. Those parameters are compared below. 
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Figure 5.1: Simulation static reservoir pressure variation 
Figure 5.2: Physical experiment static reservoir pressure variation 
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5.2.2. Static versus Dynamic reservoir  
This subsection discusses the simulation results from static and dynamic reservoirs. The 
comparison is made between identical parameters. That is pressure against pressure, density 
against density, mass flowrate against mass flowrate, and temperature against temperature.  The 
performance comparison between the static and the dynamic reservoirs is the main reason for 
conducting this investigatory research. Therefore, the discussion under this subsection is 
relatively extensive.  
The experimental results also gave rise to many interesting points, which necessitated special 
attention and consideration. There are more parameters to consider and variations to discuss. 
For instance, in the static reservoir, there was no spring. Whereas in the dynamic reservoir there 
was a spring. Thus, a spring force and spring deflection are introduced as additional parameters. 
Their introductions were key to extending the comparison between dynamic reservoirs of 
different spring rates. The first dynamic reservoir discussed in this segment used a full spring 
rate, that was 61.7222 kN m⁄ .    
The results obtained from the simulation performed with the two reservoirs are summarised in 
tabular format and supported by merged graphical representation of data for every parameter. 
There are four headings under the discussion section where every result is methodically 
discussed. And those are the pressure comparison, the density comparison, the mass flowrate 
comparison, and the temperature comparison. To keep a moderate number of figures, like 
parameters are grouped to form one merged figure. Additional graphical representations of 
results are shown under the appendix A.  
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5.2.2.1. Pressure comparison 
The pressure variations in the static reservoir versus the dynamic reservoir are shown in table 
5.2. The first difference observed between the two reservoirs comes from the maximum 
pressure during charging. The table shows that the static reservoir pressure never reached 5 
bar, but the dynamic reservoir, on the other hand, reached that magnitude. It took 240 seconds 
to reach 4.9 bar in the static reservoir. But it only took 119 seconds to reach 4.9 bar in the 
dynamic reservoir. It took the whole discharging process, 218.4 seconds, for the static reservoir 
to release all stored compressed air. But it only took 34.7 seconds for the dynamic reservoir to 
release all stored compressed air. Figure 5.3 shows that in the dynamic reservoir, the peak 
pressure is reached faster, and the charging process occurs more steadily compared to the static 
reservoir. The figure also shows that the discharging process occurs faster, and the flow is 
steadier for the dynamic reservoir compared to the static reservoir. This means that a machine 
fitted with a dynamic reservoir will receive a continuous and steadier supply of energy until 
the reservoir is empty. The steadier pressure supply from the dynamic reservoir will ensure that 
application performance is relatively more consistent and reliable. 
Table 5.2: Pressure variations comparisons between static versus dynamic reservoir 
  
Pressure comparison between static and dynamic reservoir 
 Static Reservoir Dynamic Reservoir 
Parameters of 
Interest 
Charging Period Discharging Period Charging Period Discharging Period 
Magnit
ude 
Time 
[Second] 
Magnit
ude 
Time 
[Second] 
Magnit
ude 
Time 
[Second] 
Magnit
ude 
Time 
[Second] 
Pressure 
[bar] 
Start  0.8000 0.0000  4.9996  434.20  0.8000  0.0000  4.9998 433.90 
Max  4.9997 350.70     5.0000 409.40     
End  4.9996 434.20  1.0890  652.60  4.9998 433.80  1.0341 468.60  
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The pressure variation in the dynamic reservoir increases steadily during the charging period 
with a magnitude of 4.9 bar. In the static reservoir, the increase is rather slow. During the 
discharging process, once again the dynamic reservoir performed more steadily.  
Figure 5.3: Pressure comparison between static and dynamic reservoir 
 
82 
 
By Kabinga R.K.N. Copyright © University of Johannesburg, South Africa  
5.2.2.2. Density comparison 
The results show that the density never stopped increasing in both reservoirs until the end of 
the charging process. Table 5.3 summarises the starting and ending points for the magnitude 
of the density during the charging and discharging time. It can be observed that the peak density 
inside the static reservoir was slightly higher than in the dynamic reservoir, 5.7749 and 5.7256 
kg m3⁄  respectively. There was an expectation that the density in the dynamic reservoir will be 
higher than in the static reservoir, but the results showed otherwise. Nevertheless, the density 
in both storage mechanisms remains closer in magnitude. These results confirm the relationship 
that exists between the density of gas with its pressure because their graphical paths exhibit the 
same trends. The density rose faster in the dynamic reservoir compared to the static reservoir. 
The variation paths, however, remained almost identical during the charging process. Figure 
5.4 shows the graphs of the two reservoirs, the density dropped faster in the dynamic reservoir. 
It only took 42 seconds for the high-pressure air to exit the dynamic reservoir, but it took 219 
seconds to exit the static reservoir. That is due to the tendencies of the pressure and the mass 
inside the reservoir. The performance of the dynamic reservoir to the charging and discharging 
process remains steadier than that of the static reservoir.   
 Table 5.3: Density variations comparisons between static versus dynamic reservoir
Density comparison between static and dynamic reservoir 
 Static Reservoir Dynamic reservoir 
Parameters of 
Interest 
Charging Period Discharging Period Charging Period Discharging Period 
Magnit
ude 
Time 
[Second] 
Magnit
ude 
Time 
[Second] 
Magnit
ude 
Time 
[Second] 
Magnit
ude 
Time 
[Second] 
Density 
[kg m3⁄ ] 
Start 0.9312 0.0000 5.7749 433.40 1.1500 0.0000 5.7256 433.40 
Max 57749 433.40   5.7256 433.40   
End 5.7749 433.40 1.2746 652.60 5.7256 433.40 1.1802 475.70 
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The density in the dynamic reservoir rose and dropped faster in a short amount of time. The 
effect of the spring fitted in the dynamic reservoir model can be noticed. Spring is the reason 
behind the rapid rise in gas density in the dynamic reservoir during discharging.   
Figure 5.4: Density comparison between static and dynamic reservoir 
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5.2.2.3. Flowrate comparison 
The mass flowrate was highest when using the static reservoir compared to when the dynamic 
reservoir was used. For the two reservoirs, the maximum positive flow occurred during the 
charging process. The highest mass flowrate measured was 0.003047 kg s⁄  for the static 
reservoir. However, a quick and early rise in flowrate was once again observed when using the 
dynamic reservoir. It only took 77.99 seconds for the mass flowrate to reach its peak magnitude 
when using the dynamic reservoir, whereas 175 seconds was needed for the flow to reach its 
maximum magnitude when using the static reservoir. The static reservoir allowed a higher 
charging mass flowrate compared to the dynamic reservoir. When discharging the compressed 
air, the dynamic reservoir once again pushed the gas to the exit in just 40 seconds, but the static 
reservoir took 218 seconds. The flow at the end of the discharging process, the last bit of air 
leaving the chamber, was  - 2.5149 × 10−5 and - 3.7485 × 10−5 for the dynamic and static 
reservoir respectively. The mass flowrate was 49 % higher for the dynamic reservoir compared 
to the static reservoir at the end of the discharging process. This fact validates the hypothesis 
that was made in chapter 1 about the performance of the dynamic reservoir. The mass flowrate 
of compressed air from the dynamic reservoir is consistent from the beginning to the end of the 
process. This type of flow will ensure reliability in the performance of a machine that runs with 
compressed air. See figure 5.5 for graphical representation of the flowrate variation.  
Table 5.4: Mass flowrate variations comparisons between static versus dynamic reservoir 
Flowrate comparison between static and dynamic reservoir 
 Static Reservoir Dynamic reservoir 
Parameters of 
Interest 
Charging Period Discharging Period Charging Period Discharging Period 
Magnitud
e 
Time 
[Second] 
Magnitu
de 
Time 
[Second] 
Magnitu
de 
Time 
[Second] 
Magnitud
e 
Time 
[Second] 
Flow 
rate 
[kg s⁄ ] 
Start 
1.1137 
× 10−7 
0.0000 
0.0092
43 
438.00 
1.5307 
× 10−6 
0.0000 
0.00762
700 
438.00 
Max 
0.00304
7000 
175.00   
0.0012
7400 
77.990   
End 
9.1233 
× 10−7 
434.00 
3.7485 
× 10−5 
652.60 
4.6873 
× 10−6 
433.60 
2.5149 
× 10−5 
473.70 
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The observed flow path from the dynamic reservoir, during the discharging period, highlights 
the effect of the constituents of this storage mechanism. The predicted consequence is almost 
inevitable. The dynamic reservoir certainly improves the flow of compressed air during exit. 
Figure 5.5: Flow rate comparison between static and dynamic reservoir 
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5.2.2.4. Temperature comparison 
The temperature variation in the static and dynamic reservoir happened similarly to the mass 
flowrate in terms of the paths. However, the results showed that the highest temperature 
occurred in the dynamic reservoir. That observation was logical because in the dynamic 
reservoir additional work was performed on the incoming compressed air. It only took 91.9 
seconds for the temperature to rise from 293.5 to 360.9 K maximum in the dynamic reservoir. 
The static reservoir maximum temperature was 329.4 K, and it was reached 152.9 seconds 
through the charging process. Table 5.5 summarises the temperature variation during the 
simulation for the two reservoirs. But figure 5.6 can provide one with additional points of 
analysis because something worthy of attention occurred during the discharging process. The 
temperature dropped dramatically from 304.27 to 200.27 K in just 30 seconds for the dynamic 
reservoir and from 301.64 to 259.57 K in 62 seconds for the static reservoir. These values 
represented the lowest temperatures of the process occurring during discharge for the two 
reservoirs. These results mean that compressed air exiting any reservoir will experience a 
significant temperature drop.  However, that drop will be more accentuated when using the 
dynamic reservoir. The dynamic reservoir gives a quick rise in temperature during charging 
and a rapid decrease during discharge. This specific aspect was not investigated deeply in this 
work, but it could form a subject of further investigation in future studies. 
Table 5.5: Temperature variations comparisons between static versus dynamic reservoir
Temperature comparison between static and dynamic reservoir 
 Static Reservoir Dynamic reservoir 
Parameters of 
Interest 
Charging Period Discharging Period Charging Period 
Discharging 
Period 
Magnitu
de 
Time 
[Second] 
Magnitu
de 
Time 
[Second] 
Magnitu
de 
Time 
[Second] 
Magnitu
de 
Time 
[Second
] 
Temperatur
e [K] 
Start 300.10 0.0000 301.64 434.40 293.51 0.0000 304.27 433.60 
Max 329.37 152.90   360.88 91.900   
End 301.64 434.40 296.76 652.60 304.27 433.60 299.89 476.60 
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The rapid rise in temperature during charging was not a surprise neither for the static nor the 
dynamic reservoir. But the rapid decrease during discharging, especially in the dynamic 
reservoir was not investigated further. This is one of the aspects that need further investigation.  
Figure 5.6: Temperature comparison between static and dynamic reservoir 
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5.2.3. Dynamic Reservoir with Initial versus half spring rate 
This section discusses the variations which occurred as a result of a change in the dynamic 
reservoir’s spring rate. The initial spring rate was 61.7222 kN m⁄   and its half  30.8611 kN m⁄ , 
determined as explained in chapter 3. Considering the discussion held in the previous section, 
where static and dynamic reservoirs were compared, it should be evident that different spring 
rates will cause different variations in the performance of the dynamic reservoir. All comments 
are supported by table 5.6 and figure A1, A2, A3, A4, A5, and A6 under appendix A.  
1. Pressure comparison: to reach 4.9 bar, it took 119 and 121 seconds for the initial (1) and 
half spring rate (2) respectively. 13 extra seconds were needed to complete the discharging 
process when using half the spring rate. Completing the procedures when using half of the 
initial spring rate needed more time. The change in the spring rate affected mostly the 
processing time. Figure A1 under appendix A supports the description here provided.     
2. Density comparison: small changes were observed in the variation of this parameter. The 
density was relatively higher in the case of the initial spring rate (1) with a maximum 
magnitude of 5.7256 compared to 5.7186 kg m3⁄  for the spring rate (2). Discharging took 
7 more seconds to complete for the half spring rate. Figure A.2 shows the density variations.  
3. Mass flow rate comparison: the different spring rates analysed support the observation 
made when dealing with static versus dynamic reservoir. The flow was higher when the 
spring rate was smaller during charging, variation can be seen in figure A.3. However, the 
results obtained also suggest that during discharge, the higher the spring rate the faster the 
flow. Higher spring rate slows the flow during charging but accelerates it during discharge.  
4. Temperature comparison: the maximum temperature occurred at time equal 91 seconds 
for the two spring rates, however, the magnitude was different. They were 360.88 K and 
363.54 K for the initial and the half spring rate respectively. Results showed that the spring 
rate affects the time at which variations happened rather than magnitude, see figure A.4. 
5. Force in spring: this was the force experienced by the spring as a result of pressure. Figure 
A.5 shows the variation in every stage of the experiment. Though the paths remained the 
same for the two spring rates, the magnitudes of the force at each stage was divided by 2 in 
the case of the half initial spring rate. Here, the effect of stiffness was observed. 
6. Deflection: half initial spring rate experienced more deflection compared to the full initial 
rate; trends shown in figure A.6. It took 8 seconds extra for the spring to completely stretch 
when using half spring rate. The spring rate had more effect during the discharging period.            
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Table 5.6: Comparisons between dynamic reservoirs with initial (1) versus half spring rate (2) 
Parameters Magnitude Variation with Respect to Time during Processes 
  Dynamic Reservoir with Initial Spring Rate 
Dynamic Reservoir with Half initial Spring 
Rate 
Parameters of Interest 
Charging Period Discharging Period Charging Period Discharging Period 
Magnitude 
Time 
[Second] 
Magnitude 
Time 
[Second] 
Magnitude 
Time 
[Second] 
Magnitude 
Time 
[Second] 
Pressure [bar] 
Start  0.8000 0.1000  4.9998  433.90  1.0133 0.1000  4.9957 434.00 
Max  5.0000 409.40     5.0000 424.70   
End  4.9998 433.80 1.0341 468.60  4.9957 434.00   1.0134  481.00 
Density 
[kg m3⁄ ] 
Start 1.1500 0.1000 5.7256 433.40 1.1972 0.1000   5.7186 434.00 
Max 5.7256 433.40    5.7186 434.00    
End 5.7256 433.40 1.1802 475.70  5.7186 434.00  1.1851 482.80 
Flow Rate 
[kg s⁄ ] 
Start 
1.5307 ×
10−6 
0.1000 0.0076 438.00 
2.2782 ×
10−6 
0.1000  0.0077 438.20  
Max 0.001274 77.990   0.001286 78.890   
End 
4.6873 ×
10−6 
433.60 
-2.5149 ×
10−5 
473.70 
 6.169 ×
10−6 
433.40 
-4.974 ×
10−6  
483.40  
Temperature 
[K] 
Start 293.51 0.1000 304.27 433.60  293.83 0.1000   304.09 434.90  
Max 360.88 91.900   363.54 91.160   
End 304.27 433.60 299.89 476.60  304.09 434.90   300.51  486.80 
Force in 
Spring [kN] 
Start 0.0009  0.1000 8.3879 434.20 0.0009 0.1000  4.3183 434.40 
Max 8.3879 434.20   4.3183 434.40   
End 8.3879 434.20  0.0018 472.90 4.3183 434.40 0.0018   481.40 
Spring 
Deflection 
[m] 
Start 
 3.556 ×
10−5 
0.1000 0.1359  433.60 
 3.1864 ×
10−5 
 0.1000 0.1399  434.40  
Max 0.1359 433.60   0.1399  434.40   
End 0.1359   433.60 
 6.0427 ×
10−5 
472.90 0.1399  434.40 0.0002  480.50  
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5.2.4. Dynamic reservoir with half (2) versus new spring rate (3) 
The comparison between spring rate (2) and (3) was made to strengthen the understanding of 
the effect of different spring rates on the performance of the dynamic reservoir. The half  initial 
spring rate was 30.8611 kN m⁄ , and the new rate 9.32 kN m⁄ . Table 5.7 below and the figure 
A.7 to A.12 in appendix A compares the results for the two spring rates and support the 
argument described in this section.  
1. Pressure comparison: when it comes to the pressure, the effect of the spring rate is more 
accentuated during the discharging process. It took 47 seconds to complete the discharge 
with half spring rate and 62 seconds to complete with the new spring rate. The higher the 
spring rate, the faster the gas exits from the dynamic reservoir, see figure A.7. 
2. Density comparison: the maximum magnitudes were respectively 5.7186 and 5.7134 
kg m3⁄  for the half and new spring rate and occurred at time equal 434 seconds, at the end 
of the charging process. No major variation was observed during the first process in both 
systems see figure A.8. But when it came to the discharging process, the dynamic 
reservoir fitted with a new spring rate took 20 extra seconds to complete the discharging. 
3. Mass flowrate: this was the most affected parameter from experiment results. For the 
charging period, the flow rate was slightly higher when using the new spring rate 
0.001295 kg/s compare to when using the half initial spring rate 0.001286 kg/s. Starting 
discharge, again the flow rates were very close in magnitude but something noticeable 
occurred. It took 45 and 65 seconds to discharge the gas for spring rate (2) and (3) 
respectively. It was shown that the higher the spring rate, the faster the flow at the exit.  
4. Temperature comparison: from observations, the results suggest that the lower the 
spring rate, the higher the maximum temperature during charging. And the lower the drop 
during discharging. Figures 5.6, A.4, and A.10 support this observation.   
5. Force in spring: the spring experienced 1.3324 kN force maximum when the rate was 
9.32 kN m⁄  compare to 4.3183 kN when the spring rate was 30.8611 kN m⁄ . The 
reaction of the spring to pressure was proportional to the spring rate. The higher the spring 
rate the higher the reaction force by the spring. Figure A.11 illustrates this variation. 
6. Deflection comparison: more spring deflection means more volume occupied by the gas. 
The results showed that the higher the spring rate the higher the resistance to increasing 
the volume of the gas inside the dynamic reservoir. During discharge, the new rate (3) 
continued to stretch 20 seconds after the half spring rate (2) had stopped see figure A.12.     
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Table 5.7: Comparisons between dynamic reservoir with half (2) versus new spring rate (3) 
Parameters Magnitude Variation with Respect to Time during Processes 
  Dynamic Reservoir with Half Spring Rate Dynamic Reservoir with New Spring Rate 
Parameters of 
Interest 
Charging Period Discharging Period Charging Period Discharging Period 
Magnitude 
Time 
[Second] 
Magnitude 
Time 
[Second] 
Magnitude 
Time 
[Second] 
Magnitude 
Time 
[Second] 
Pressure 
[bar] 
Start  1.0133 0.1000  4.9957 434.00 1.0133  0.1000  4.9998 433.40 
Max 5.0000 424.70   5.0000 406.20   
End 4.9957 434.00   1.0134  481.00 4.9998 433.40  1.0133 496.40  
Density 
[kg m3⁄ ] 
Start 1.1972 0.1000   5.7186 434.00 1.1895   0.1000 5.7134 434.20 
Max  5.7186 434.00    5.7134 434.20   
End  5.7186 434.00  1.1851 482.80 5.7134 434.20  1.1892  502.40 
Flow Rate 
[kg s⁄ ] 
Start 
2.2782 ×
10−6 
0.1000  0.007669 438.20  
1.018 ×
10−6  
0.1000  0.007698  438.20 
Max 0.001286 78.890   0.001295 80.870   
End 
 6.169 ×
10−6 
433.40 
-4.974 ×
10−6  
483.40  
8.7482 ×
10−6 
433.60  
-6.651 ×
10−6 
503.90  
Temperature 
[K] 
Start  293.83 0.1000   304.09 434.90  293.16  0.1000  304.37  434.90  
Max 363.54 91.160   365.39 88.970   
End  304.09 434.90  300.51  486.80 304.37  434.90   300.27  505.30 
Force in 
Spring [kN] 
Start 0.0009 0.1000  4.3183 434.40 0.0004 0.1000  1.3324 433.80 
Max 4.3183 434.40   1.3324 433.80   
End 4.3183 434.40 0.0018   481.40 1.3324 433.80  0.0005  503.40 
Spring 
Deflection 
[m] 
Start 
 3.1864 ×
10−5 
 0.1000 0.1399  434.40  
5.0649 ×
10−5 
 0.1000 0.1428 434.60 
Max 0.1399  434.40   0.1428 434.60   
End 0.1399  434.40 0.0002  480.50  0.1428 434.60 0.0002  502.40  
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5.3. Summary of Discussion 
About the performance comparison between the static and dynamic reservoir, with respect to 
the research objectives, this study revealed the following: 
1. The research showed that the mass flowrate during the charging process was higher for the 
static reservoir compared to the dynamic reservoir. This means that the static reservoir gets 
filled faster than the dynamic reservoir given the same compressed air or compressed-gas 
supply configurations. This is the only advantage of the static reservoir over the dynamic 
reservoir. Chapter 2 pointed out why this is the most used storage system in the world. 
2. The density rises faster and reaches a higher magnitude in the dynamic reservoir compare 
to the static reservoir. This means that the dynamic reservoir stores a larger quantity of 
compressed air compared to the static reservoir, given the same storage capacity.  
3. The spring deflection determines the volume that a gas occupies in a dynamic reservoir. 
This research showed that only 0.1359 m of 0.9 m from the reservoir’s effective length was 
occupied by the gas in the dynamic reservoir. That number, when converted to a percentage, 
it means that only 15.1 % (per cent) of the dynamic reservoir was utilised. But for the static 
reservoir, 100 % (per cent) of the volume was exploited. This finding suggests that the 
volumetric efficiency of the dynamic reservoir is better than that of the static reservoir.   
4. During the charging process, the mass flowrate of compressed air entering the static 
reservoir was higher than that of the dynamic reservoir. But during the discharging process, 
the dynamic reservoir released the gas faster and steadier than the static reservoir. The 
pressure exited the dynamic reservoir more steadily. The drop in the magnitude of the 
pressure was very minimal. Because the spring continuously pushed the piston against the 
compressed air exerting a force that maintained the pressure and accelerated the 
compressed air exit.  
About the effects of different spring rates in the performance of the dynamic reservoir, the 
following was found:  
1. The higher the spring rate, the faster the pressure, density, and temperature will rise during 
the charging process. The higher the spring rate, the slower the mass flowrate will be during 
the reservoir’s charging process. The higher the spring rate, the faster the mass flowrate, 
and the constant pressure exit will be during the discharging process.  
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2. The maximum temperature in the dynamic reservoir during the charging process was 
getting higher as the spring rate was decreasing. The time needed to get to that maximum 
temperature was getting longer as the spring rate was decreasing. It was also observed that 
during the discharging process, the temperature dropped significantly. The smaller the 
spring rate was getting, the lower that drop was becoming. The temperature variation 
showed some intriguing trends. This subject needs further investigation for clarification.  
3. The constant supply of compressed air to the pneumatic model throughout the entire 
simulation process led to a remarkable observation. That was, the effect of the spring rate 
is more experienced on the time it takes for variations to occur during processes. For 
example, the higher the spring rate, the faster the pressure rise during the charging process. 
Or the smaller the spring rate, the longer it takes to completely release the compressed air 
or compressed gas during the discharging process.  
In summary, the maximum pressure that can be stored in any reservoir depends largely on the 
capacity of the compressor. The quick rise in pressure during the charging process and the 
quick exit during the discharging period indicated that something unusual took place. It appears 
that the spring has a beneficial impact on the working of a compressed air reservoir. The piston 
and the spring represent the heart of the dynamic reservoir. During the charging process, they 
convert the gas pressure to force and the force to strain energy. During the discharging process, 
they reverse the charging process by converting the strain energy to force and the force to 
pressure. Thus, ensuring consistent performance of the dynamic reservoir.  
The dynamic reservoir offers the capacity to store a high quantity of compressed air in a 
relatively small volume. It offers a better mass flowrate during discharge, because the spring 
continuously pushes the gas out of the reservoir, making a steady flow possible. The rapid 
pressure rise inside the dynamic reservoir and the constant pressure exit during discharge will 
improve the performance of compressed air powered applications and will help those to 
become more autonomous and reliable.  
It should be noted, however, that this study did not cover the processes required for the 
manufacturing of the dynamic reservoir. It will be interesting for the sake of improving the 
knowledge discovered as a result of conducting this research, to manufacture a dynamic 
reservoir so that its physical and real performance can be evaluated. Is the dynamic reservoir 
feasible/manufacturable? Yes. Does it have the potential to over perform the static reservoir 
when it comes to charging and discharging? As the research findings have shown, Yes.  
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6. Chapter 6: Conclusion and Recommendations 
6.1. Conclusion 
To improve the efficiency of compressed air powered machines, this work opted to investigate 
the performance of two distinct storage systems of the same volumetric capacity, namely the 
static and dynamic reservoir. A static reservoir is simply an air receiver, air container or air 
tank. A dynamic reservoir is a concept of a storage chamber fitted with a piston and a spring. 
Questions were asked whether the proposed dynamic reservoir could store compressed air at 
higher pressure, ensure better volumetric efficiency, as well as a steadier mass flow rate, 
compare to the conventional static reservoir. Hypotheses were advanced and assumptions were 
made. However, the main objective of this research was to show after investigating, whether 
the dynamic reservoir could provide better performance than the static reservoir.  
The experiment was conducted, the simulation was performed, and the investigation was 
ensured. Close examination and analysis of the experimental results led to the following 
findings: 
• During the charging process, the dynamic reservoir ensured a rapid rise in compressed air 
pressure inside the chamber. The work of the gas against the spring inside of the chamber 
was thought to be the cause of that rapid rise. This means that during the charging operation, 
the maximum pressure inside the dynamic reservoir will be rapidly reached, even though 
reaching the maximum volume might require more time. 
• During the discharging process, the dynamic reservoir steadily released the compressed air, 
maintaining a minimal pressure drop throughout the entire discharge period. This means 
that a machine supplied with compressed air energy stored in a dynamic reservoir will 
ensure a consistent performance throughout its operation. 
• Concerning the volume, the resistance of the spring to the force generated by the pressure 
that was acting on the piston, allowed only a small portion of the reservoir’s volume to be 
occupied by the gas. The results showed that having the same volumetric capacity, 
operating under the same conditions, the dynamic reservoir utilised only 15.1 % of its 
volume. This is what is meant by the volumetric efficiency. This finding means that a 
relatively small volume dynamic reservoir will perform better than a relatively larger 
volume static reservoir in terms of compressed air storage. 
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• It was observed during the charging process, that the mass flowrate was slow for the 
dynamic reservoir when compared to the static reservoir. However, during the discharging 
process, the dynamic reservoir ensured a rapid and steady mass flowrate with a minimal 
drop in magnitude. This means that to be fully charged, the dynamic reservoir will take 
longer than the static reservoir. But when it comes to supplying the stored energy, the 
dynamic reservoir ensures a better performance through a steadier mass flowrate.  
• Further observation showed that the charging process of compressed air follows a 
logarithmic trend, whereas the discharging process follows an exponential trend. 
Mathematically, it is known that these two functions are inverse of each other, and one of 
their area of application and practicality was observed in this study. In other words, this 
finding means that when you are filling a tire of your car with air, that process can be 
described using a logarithmic function. On the other hand, when your tire is punched and 
the air starts exiting, that process can be described using an exponential function.  
• It was also found that the bigger the pressure difference exists between two connected 
systems that contain any compressed gas, the faster the flow of gas will be from the higher 
pressure to the lower pressure system. That flow activity creates a depression in the 
connecting medium, causing a significant drop in compressed gas temperature inside the 
connecting medium. And that connecting medium could be a pipe fitted with a valve etc.        
The performance of a static reservoir is reduced by many factors related to the way it operates. 
This research has investigated experimentally the performance of a static reservoir, and the 
results show that it cannot maintain a consistent supply of energy. Because during the charging 
period, the rise in pressure, density, and temperature of air happens slowly and depend seriously 
on the capacity of the compressor. During the discharging period, the pressure, density, and 
mass flowrate are never supplied steadily. The drop in the magnitude of those parameters is 
important and that is because a static reservoir cannot help a machine maintain its performance. 
Conversely, inside the dynamic reservoir during the charging period, the rise in pressure, 
density, and temperature of the air do not depend on the compressor. The rise to maximum 
magnitude is fast, except for the mass flowrate. During discharge, the supply in pressure, 
density, and mass flow rate is steadier with a very negligible magnitude drop. The dynamic 
reservoir offers better performance and volumetric efficiency, as the research results indicate.  
Air is the second most abundant substance on earth after water, it is an important asset. Using 
it as an energy source will be beneficial to humans, all forms of life on earth, and the 
environment. Because compressed air can be completely a non-pollutant energy, from 
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production to consumption as reported in the literature review. To be a reliable renewable 
energy source, the compressed air must be a steadfast energy supplier that sustains the 
performance of applications dependent on its. Any compressed air powered machine depends 
on its energy storage medium. The static reservoir, which is commonly used, owes its 
performance to its volume and strength. However, stronger manufacturing materials help only 
a little bit in improving efficiency as that was demonstrated.  
The research findings suggest that there is a potential in the storage system proposed and 
advocated in this work. Air is readily and freely available, it is an important asset. The 
improvement and implementation of more efficient compressed air storage systems could play 
a significant role in the creation of new development sectors and the mitigation of global 
warming. The dynamic reservoir opens a door for more research and investigation which can 
lead to more important findings. That is how this work contributes to the universal knowledge.  
6.2. Recommendations 
Based on the observations made after conducting the experiment, performing the simulations, 
and analysing the experimental results, the following recommendations were made:  
• The interpretation of the experimental and simulation data can be extended depending on 
the interest of the reader or the scholar who sees more substance in this work. But that 
should not affect the discussion held or the interpretation provided in this dissertation.  
• A prototype of a dynamic reservoir needs to be built and experimentally tested, in order to 
provide empirical data that can bring about clear supporting and new insight into the actual 
performance of the reservoir. The empirical data can also be compared with the simulation 
results that are made available from this research work.  
• If a dynamic reservoir should be physically manufactured, special attention must be paid 
to the control of the temperature variations. Because research showed that the rise in 
temperature happened quicker and was higher in the dynamic reservoir compare to the 
static reservoir. Temperature also showed interesting trends which need interpretation.   
• The dynamic reservoir gives a quick rise in temperature during charging and a sudden 
decrease during discharge. This specific aspect was not fully explained in this dissertation. 
Therefore,  a door is opened for more investigation which will constitute a further extension 
of this research work.  
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Appendix A: Additional graphical results 
This appendix contains the representation of the graphical results for the comparisons between 
the dynamic reservoirs of different spring rates. From number A.1 to A.6, the graphs that are 
shown compare the effect of the initial spring rate (1) against its half (2). From number A.7 to 
A.12, the graphs that are shown compare the effect of half the initial spring rate (2) against 
what is called the new spring rate (3). All the results that are supported by these graphical 
representations are discussed and shown in the tabular format under the subsections 5.2.3 and 
5.2.4 in chapter 5.   
A.1. Pressure: Spring rate (1) versus (2) (𝟔𝟔𝟏. 𝟕𝟐𝟐𝟐 𝐯𝐬 𝟑𝟎. 𝟖𝟔𝟏𝟏 𝐤𝐍 𝐦⁄ ) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A.0.1: Pressure variations comparisons between initial and half spring 
rate 
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A.2. Density: Spring rate (1) versus (2) (𝟔𝟔𝟏. 𝟕𝟐𝟐𝟐 𝐯𝐬 𝟑𝟎. 𝟖𝟔𝟏𝟏 𝐤𝐍 𝐦⁄ ) 
 
Figure A.0.2: Density variations comparisons between initial and half spring rate 
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A.3. Mass flowrate: Spring rate (1) versus (2) (𝟔𝟔𝟏. 𝟕𝟐𝟐𝟐 𝐯𝐬 𝟑𝟎. 𝟖𝟔𝟏𝟏 𝐤𝐍 𝐦⁄ ) 
 
Figure A.0.3: Mass flow rate variations comparisons between initial versus half spring rate 
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A.4. Temperature: Spring rate (1) versus (2) (𝟔𝟔𝟏. 𝟕𝟐𝟐𝟐 𝐯𝐬 𝟑𝟎. 𝟖𝟔𝟏𝟏 𝐤𝐍 𝐦⁄ ) 
 
Figure A.0.4: Temperature variations comparisons between initial versus half spring rate 
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A.5. Force: Spring rate (1) versus (2) (𝟔𝟔𝟏. 𝟕𝟐𝟐𝟐 𝐯𝐬 𝟑𝟎. 𝟖𝟔𝟏𝟏 𝐤𝐍 𝐦⁄ ) 
It should be noted that the force variations represented in figure A.5 are acting in the spring, 
that is inside of the dynamic reservoir during charging and discharging processes. 
Figure A.0.5: Force variations comparisons between initial versus half spring rate 
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A.6. Deflection: Spring rate (1) versus (2) (𝟔𝟔𝟏. 𝟕𝟐𝟐𝟐 𝐯𝐬 𝟑𝟎. 𝟖𝟔𝟏𝟏 𝐤𝐍 𝐦⁄ ) 
The deflection variation of the spring occurs in the dynamic reservoir during charging and 
discharging processes. Figure A.6 depicts the occurrence of that variation.  
Figure A.0.6: Deflection variations comparisons between initial versus half spring rate 
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A.7. Pressure: Spring rate (2) versus (3) (𝟑𝟎. 𝟖𝟔𝟏𝟏 𝐯𝐬 𝟗. 𝟑𝟐𝟎𝟎 𝐤𝐍 𝐦⁄ ) 
Figure A.0.7: Pressure variations comparisons between half versus new spring rate 
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A.8. Density: Spring rate (2) versus (3) (𝟑𝟎. 𝟖𝟔𝟏𝟏 𝐯𝐬 𝟗. 𝟑𝟐𝟎𝟎 𝐤𝐍 𝐦⁄ ) 
 
Figure A.0.8: Density variations comparisons between half versus new spring rate 
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A.9. Mass flow rate: Spring rate (2) versus (3) (𝟑𝟎. 𝟖𝟔𝟏𝟏 𝐯𝐬 𝟗. 𝟑𝟐𝟎𝟎 𝐤𝐍 𝐦⁄ ) 
 
Figure A.0.9: Mass flow rate variations comparisons between half versus new spring rate 
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A.10. Temperature: Spring rate (2) versus (3) (𝟑𝟎. 𝟖𝟔𝟏𝟏 𝐯𝐬 𝟗. 𝟑𝟐𝟎𝟎 𝐤𝐍 𝐦⁄ ) 
 
 
Figure A.0.10: Temperature variations comparisons between half versus new spring rate 
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A.11. Force: Spring rate (2) versus (3) (𝟑𝟎. 𝟖𝟔𝟏𝟏 𝐯𝐬 𝟗. 𝟑𝟐𝟎𝟎 𝐤𝐍 𝐦⁄ ) 
 
Figure A.0.11: Force variations comparisons between half versus new spring rate 
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A.12. Deflection: Spring rate (2) versus (3) (𝟑𝟎. 𝟖𝟔𝟏𝟏 𝐯𝐬 𝟗. 𝟑𝟐𝟎𝟎 𝐤𝐍 𝐦⁄ ) 
 
Figure A.0.12: Deflection variations comparisons between half versus new spring rate 
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Appendix B: Pressure vessel theory 
 
B.1. Compressed air reservoir  
This subsection could be part of the literature review in this dissertation because it is addressing 
the very problem that was being solved; the development of an efficient reservoir for 
compressed air applications. In this research project, the attempt was to improve the 
compressed air tank capacity for use in the transportation system, (that is to power vehicles) 
and other non-utility (small scale system) applications. How can a large amount of air at high 
pressure be efficiently and safely stored in a relatively light and small volume reservoir? 
Compressed air reservoirs are essential mechanisms for any compressed air system. They serve 
as energy storage reservoirs in some applications and temporary storage tanks in other 
applications, they allow systems to perform more efficiently. Considering the immense 
pressure air reservoirs contain and the tasks they perform, it is important that they are built to 
be exceptionally durable and reliably strong. At the utility scale, energy stored during periods 
of low energy demand can be released to meet the energy need during higher demand periods. 
At small scale systems, the stored energy has long been used in such applications as propulsion 
of mine locomotives, power tools, and vehicles, etc (Wald, 2010). 
Available compressed air reservoirs are made from tin, steel and its alloys, aluminium, cast 
iron, and carbon fibre, etc. depending on the application. To achieve high pressure and a high 
mass of air in a relatively small volume reservoir, a solid storage system must be used. 
However, solid storage systems require a pressure-resistant shell.  
Each material has its advantages and disadvantages. But it must be mentioned that, apart from 
the material properties, the design of the reservoir has an important role to play to its 
performance, reliability, and efficiency. The next subsections are dealing with these topics. 
 
 
 
 
113 
 
By Kabinga R.K.N. Copyright © University of Johannesburg, South Africa  
B.2. Materials and Manufacturing  
From its scientific name “Pressure vessel”, the compressed air reservoirs are made with 
different materials depending on the application, which is also related to the strength required. 
Table B.1 shows some common materials that are used for making compressed air storage 
reservoirs. Tanks made with the materials shown in table 2.2 are also used for the storage of  
Hydrogen.   
Table B.1: Common high strength material for reservoir manufacturing (Malnati, 2015) 
Common compressed air reservoir manufacturing material 
Description Material 
Manufacturing 
Method 
Specification 
Factor 
of 
Safety 
Application 
1.All metal  Steel and alloys 
Rolling, forging 
and welding all 
together 
These 
containers are 
heavy and 
bulky. They 
can withstand 
up 10 MPa. 
They cost 
relatively less. 
3 
Used for lower 
pressure 
applications at 
home, for hand 
power tools and 
some industrial 
application. 
2.Metal hoop-
wrapped 
Steel or 
aluminium 
liners   
Hoop-wound 
with carbon 
fibre/epoxy 
These 
reservoirs are 
lighter but cost 
more. Each is 
capable of up 
to 30 MPa 
working 
pressures. 
2 
Used for bulk 
transport or 
stationary gas 
storage at 
refuelling 
stations. 
3. Metal lined 
Steel or 
aluminium  
Fully wound with 
carbon/epoxy 
composite 
Withstand 
higher 
working 
pressures, up 
to 82.5 MPa, 
with 
aluminium 
liners. 
2 
Primarily used 
for H2 or CNG 
storage on 
commercial 
trucks. 
4.Thermoplastic 
Rubber liners or 
High-density 
polyethylene 
(HDPE)  
Fully 
overwrapped with 
carbon 
fibre/epoxy 
The lightest 
but most 
costly, they 
offer 
performance 
like No. 3. 
2 
They can be 
used for 
application 1 to 
3. 
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Most of the pressure vessels are made of steel and its alloys. To manufacture a cylindrical or 
spherical pressure vessel, rolled and possibly forged parts would have to be welded together. 
Some mechanical properties of steel, achieved by rolling or forging, could be adversely 
affected by welding unless special precautions are taken. In addition to adequate mechanical 
strength, current standards dictate the use of steel with high impact resistance, especially for 
vessels used in low temperatures. In applications where carbon steel would suffer corrosion, 
special corrosion resistant material should be used. 
 Some pressure vessels are made of composite materials, such as filament wound composite 
using carbon fibre held in place with a polymer. Due to the very high tensile strength of carbon 
fibre, these vessels can be very light but are much more difficult to manufacture. The composite 
material may be wound around a metal liner, figure B.1, forming a composite overwrapped 
pressure vessel. Pressure vessels may be lined with various metals, ceramics, or polymers to 
prevent leaking and protect the structure of the vessel from the contained medium. This liner 
may also carry a significant portion of the pressure load (Nagler, 2014).  
Figure B.1: Reservoir made with linings of different materials (Onder, 2007) 
(1) Thin-walled Aluminium lining, (2) Protexal smooth, inner, corrosion resistant internal 
finish, (3) Insulating layer, (4) High performance carbon fibre overwrap in epoxy resin matrix, 
(5) High strength fibreglass reinforced plastic (FRP) protective layer with smooth gel coat and 
(6) Cylinder curved based, (7) Precision machined threaded inlet and outlet port.  
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Pressure Vessels may also be constructed from concrete (PCV) or other materials that can 
withstand high tension. Cabling, wrapped around the vessel or within the wall or the vessel 
itself, provides the necessary tension to resist the internal pressure. A "leakproof steel thin 
membrane" lines the internal wall of the vessel. Such vessels can be assembled from modular 
pieces and so have "no size limitations". There is also a high order of redundancy thanks to the 
large number of individual cables resisting the internal pressure when using cabling. 
In the manufacturing process of modern high-pressure vessels, apart from the strength of the 
selected material, the weight and the size of the vessel constitute very important factors which 
engineers are trying to reduce. Table B.2 shows the comparison of some strongest materials. 
Table B.2: Property comparison of some high tensile strength materials (Onder, 2007) 
Property comparison for some high tensile strength composite materials 
Number Material 
Density 
(kg/m3) 
Tensile 
Strength 
(MPa) 
Tensile 
Modulus 
(MPa) 
Specific Tensile 
Strength (1000 m) 
1 
Filament Wound 
Composite 
1990 1034 31.02 52.96 
2 Aluminium 7075-T6 2760 565 71.01 20.87 
3 Stainless Steel 301 8020 1275 199.94 16.20 
4 
Titanium Alloy (Ti-
13V-12 Cr-3 Al) 
4560 1275 110.30 28.50 
 
B.3. Design 
The design of compressed air reservoirs (pressure vessels) involves parameters such as safety 
factor, minimum design temperature, maximum safe operating pressure and temperature, and 
corrosion allowance; because most of the materials used for making them are brittle. Their 
constructions are tested using non-destructive testing such as radiography, ultrasound, and 
pressure tests. The pressure tests are hydrostatic using water and pneumatic using air or other 
gases. Hydrostatic testing is widely used because it is a safer method.  In theory, a spherical 
pressure vessel design provides almost twice the strength of a cylindrical pressure vessel with 
the same wall thickness and is the ideal shape to hold internal pressure. But a spherical vessel 
requires a complicated manufacturing process, therefore it is expensive to make (Hearn, 1997). 
Most pressure vessels are cylindrical with semi-elliptical head caps on each end. Smaller 
vessels can be assembled from pieces of pipes and two covers. A disadvantage of these vessels 
is that greater diameters are risky and unsafe using (Nilson, 2008). In this literature review, the 
focus as far as the design is concerned is based on the cylindrical shapes. 
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The thickness of a pressure vessel is designed to be proportional to the radius of the tank and 
the pressure of the tank, and inversely proportional to the maximum allowable normal stress of 
the material used in the walls of the container. Depending on the shape of the vessel, the 
formulae to be used for design calculations vary. But all those formulas depend on the shape, 
maximum allowable stress of the material, the pressure in the vessel, and the volume of the 
vessel (Drotsky, 2011). Compressed air reservoirs and any other pressure vessels with a 
cylindrical shape are designed following the thin-walled and thick-walled cylinder principles.  
• Thin-walled pressure vessel 
 
When a thin-walled cylinder is subjected to an internal pressure p, a circumferential (or hoop) 
stress σc longitudinal stress σl, a radial stress σr will be induced in the material. The radial 
stress is equal to the internal pressure on the inside of the cylinder and zero on the outside. This 
stress is much smaller than the circumferential and longitudinal stresses, therefore is ignored. 
Stress field development in a thin-walled cylinder as appear in figure B.2 can be found well-
described in many papers and books. To arrive at the reduced formulas as presented below, the 
following assumptions are made:  
 
Figure B.2: Stresses in thin-walled cylinder (Nagler, 2014) 
1. Plane sections remain plane. 
2. ri t⁄ ≥ 10 ('Thumb-rule') with t being uniform constant cylinder thickness and ri is 
the internal radius. 
3. The applied pressure is the internal pressure only, pi (since external pressure may 
cause buckling of the wall). 
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4. Material is linear-elastic, isotropic, and homogeneous. 
5. No variation of stress distributions throughout the wall thickness. 
6. Fluid density is negligible.  
7. No rotation. 
8. Hemispherical ends.  
 
The circumferential stress in the cylinder can be expressed by: 
 
σc =
piri
t
                  Equation B.1 
The maximum circumferential stress is given by:  
σc,max =
pi(ri +t 2⁄ )
t
                 Equation B.2 
If the safety factor is S and the efficiency of the circumferential joints ηc, then the safe 
maximum operating pressure for that cylinder will be:  
pc =
σctηc
Sri
                  Equation B.3 
 
 
 
The longitudinal stress in the cylinder is given by: 
 
σl =
piri
2t
                  Equation B.4 
If the safety factor is S and the efficiency of the circumferential joints ηc, then the safe 
maximum operating pressure for that cylinder will be:  
pl =
2σltηc
Sri
                  Equation B.5 
If there is a hemispherical end on the cylinder, the circumferential stress is expressed by: 
σc,s =
piri
2ts
= σl,s                 Equation B.6 
If the safety factor is S and the efficiency of the circumferential joints ηs, then the safe 
maximum operating pressure for that sphere will be:  
ps =
2σc,stηs
Sri
                  Equation B.7 
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Where σc,s and σl,s are the circumferential and longitudinal stresses in the spherical part and ts 
is the wall thickness of the same part. σc,s = σl,s meaning that the circumferential and 
longitudinal stresses of spherical shape are the same, (Drotsky, 2011, pp. 44-46). 
The maximum circumferential stress in the spherical part is given by:  
σc,s,max =
pi(ri+ts 2⁄ )
2t
                            Equation B.8 
Figure B.3 depicts the general configuration of the internal pressure on a spherical head with a 
specific thickness. 
 
Figure B.3: Representation of internal pressure applied to a spherical part (Nagler, 2014) 
 
• Thick-walled pressure vessel 
In the case where the former assumption ('thumb rule') of the ratio between thickness and 
inner radius ratio does not exist where ri t⁄ < 10 figure B.4, it is convenient to use the 
following procedure.  
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Figure B.4: Thick-walled cylinder (Nagler, 2014) 
The relevant assumptions for this case are: 
1. Plane sections remain plane. 
2. ri t⁄ < 10 with t being uniform constant cylinder thickness and ri is the internal 
radius. 
3. Uniform internal pressure pi and/or external pressure po. 
4. If y is the vertical axis, x the horizontal axis, then z is the third axis and the 
deformation is symmetrical about the z-axis. 
5. Material is linear-elastic, isotropic, and homogeneous. 
6. Fluid density is negligible. 
7. There is no rotation. 
8. The cylinder has a hemispheric end. 
 
When the cylinder is pressurized internally, the radial stress is small than the circumferential 
stress, which is assumed to be uniformly distributed across the wall (Figure B.4).   
The circumferential stress is given by: 
σc =
piri
2−poro
2
ro2−ri
2 +
pi−po
ro2−ri
2 (
rori
r
)
2
               Equation B.9  
σr =
piri
2−poro
2
ro2−ri
2 −
pi−po
ro2−ri
2 (
rori
r
)
2
      Equation B.10 
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Since we deal with hemispherical ends which takes reactions from internal and external 
pressures (pi and po), the longitudinal direction needs to be considered. By simple calculation 
the following expression for cylinder longitudinal stress is obtained: 
σl =
piri
2−poro
2
ro2−ri
2         Equation B.11 
In addition, the longitudinal stress in the thick cylinder ends is given by: 
σls =
piri
2−pors
2
rs−ri
= σcs       Equation B.12 
The formulas above have been developed to calculate the stress value at any point in the thick 
cylinder only. But for other important formulas related to the thick-walled cylinders, see 
(Drotsky, 2011), (Nagler, 2014) and (Onder, 2007) as well as the Mechanical engineering 
Design III Handout (Doornfontein Campus, University of Johannesburg). 
 
• Thin and Thick-walled pressure vessels design using computer 
Modern computer technology (computer power and engineering software etc.) has made it 
possible for engineers to design engineering systems, machines, and components on a computer 
and run a full testing simulation after fixing the necessary boundary conditions. The results that 
a computer simulation software generates are not always accurate, but in many cases, they help 
considerably. Pressure vessels design and development using computer modelling, simulation, 
and prototype testing to determine the parameters such as maximum safe operating pressure,  
material behaviour, the maximum temperature of the gas inside the vessel and factor of safety, 
etc. are possible and were utilised to predict the performance of the new reservoir system that 
was developed for this Master’s research project. Figure B.5 and B.6 represent a pressure vessel 
before and after computer simulation with ANSYS.  
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Figure B.5: Computer model of a pressure vessel (Li, 2012) 
 
 
 
 
 
 
 
 
 
 
 
 
Figure B.6: Pressure vessel after computer simulation (Li, 2012)
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B.4. Compressed Air Reservoir Application 
Being a relevant source of power, compressed air is often referred to as the fourth utility in 
industry. It can be used to do many types of work. But in this context, the focus was more on 
the reservoir or storage of the compressed air. Managing to develop a high capacity storage 
system means making possible the autonomy of technologies that depend on quantity, pressure, 
and temperature of air that is stored in a reservoir. Starting with the compressed air car, which 
is the main target for the development of high capacity storage, few other applications where 
the air tank is needed are mentioned below.  
• Compressed air reservoir in cars 
This is a vehicle that uses compressed air as its source of energy to produce necessary 
mechanical power to drive the car. Like gasoline cars use petrol, hydrogen cars use hydrogen, 
electric cars use batteries, etc. compressed air car uses air which is under high pressure. But 
the technology is still in the infancy stage. The car using compressed air is very limited in terms 
of the travel range and speed. However, this technology is flattering because it is cheap and 
environmentally friendly. The motorcar company on the driving seat of this non-pollutant 
transportation system is Tata. The hope is to make this technology more performing and 
reliable. The number of researches being conducted in this field, with the objective of 
improving the gas reservoir capacity and strength, keeps the hope alive. Figure 2.11 depicts a 
Tata OneCat, which is a model using compressed air stored in a carbon fibre reservoir. 
• Other application of compressed air reservoir 
Other applications of the air stored in a reliably strong reservoir will include; the nail-gun, pain-
gun, two-post car lift, dust-off cane, and other air-powered tools and applications. 
